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ABSTRACT 
 
The purpose of this course of study is to understand the intermediates during SNAREs 
assembly and the membrane fusion mediated by SNAREs. SNAREs have been proposed to be the 
minimal machinery for the membrane fusion. According to the location distribution, SNAREs can 
be classified as either v-(vesicles) or t-(target) SNAREs. The assembly of three SNARE 
components from the opposing membranes into the ternary complex is believed to provide the 
ultimate driving force for merging the separate bilayers into a continuous entity. Before this step 
the t-SNAREs associate as the binary complex on the target membrane to serve as the 
intermediate for the oncoming v-SNARE. To better understand the assembly process of the 
neuronal SNAREs, the structure of binary complex was analyzed by EPR method. In general, the 
binary complex was revealed to share similar four-stranded helix bundle structure with the ternary 
complex. 
The lipid mixing during the membrane fusion was observed by two methods: the bulk assay 
and the single fusion assay. The mutant yeast v-SNARE with truncated transmembrane domain or 
introduction of special lipid plus low SNAREs surface density led to the discovery of hemifusion 
intermediate in the fusion pathway by the bulk assay. The results from the bulk assay for the 
neuronal SNAREs also contended with the hemifusion model. In order to elucidate the lipid 
mixing during the fusion on the molecular level, a new generation single fusion assay was 
developed by monitoring lipid mixing in real-time FRET on the single liposome level. The results 
affirmed that hemifusion exists as the on-pathway intermediate and post-hemifusion intermediates 
were characterized. 
 
1 
CHAPTER 1: GENERAL INTRODUCTION 
 
Membrane fusion and SNAREs 
The vesicular trafficking between the organelles enclosed by the membranes is essential to the 
life of the eukaryotic cell. The whole process is a multiple-step event, which includes vesicular 
budding from the donor organelle, then targeting, docking and finally fusing with the membrane 
of the acceptor organelle [1]. Various proteins are involved in accomplishing this mission. In this 
dissertation, we are going to focus only on the final step: the membrane fusion between the 
vesicles and the target membrane. During the membrane fusion, two separate membranes merge 
into a continuous bilayer, involving the dramatic membrane structural disturbance and remodeling. 
The fusion process has to overcome a high energy barrier [2]. SNAREs (soluble 
N-ethylemalemide sensitive factor attachment protein receptors), a superfamily with 25 members 
in yeast, 16 members in humans and 54 members in Arabidopsis thaliana [3], have been proposed 
as the fusion machinery in almost all the intracellular vesicular trafficking. The similarity 
comparison showed that the characteristic of this family is an evolutionarily conserved domain 
know as the SNARE motif, which is made up of about 60-70 amino acids arranged in heptad 
repeats [4]. The primary structure variances include regulatory N-terminal domain [5] and 
transmembrane segments (Fig 1). SNARES were first sorted into two subgroups according to 
their cellular distributions: v-SNAREs residing on the vesicles and t-SNAREs residing on the 
target membrane [6]. This terminology system however was found to be confusing for the 
homotypic fusion [7]. A more sophisticated classification based on the sequence alignment was 
raised due to the fact that most v-SNAREs have a conserved arginine (R) in the middle of the 
SNARE motif whereas t-SNAREs have a conserved glutamine (Q or aspartate). Therefore the two 
subgroups were identified as Q-SNAREs or R-SNAREs [4, 8]. In this context, the v-/t- 
classification will be adopted since it’s clear and convenient for the two sets of SNAREs studied 
in our lab. One set is involved in neuronal transmitter release and the other is involved in yeast 
post-Golgi protein trafficking. 
The neuronal SNAREs were the first SNAREs to be discovered, including three components: 
VAMP (vesicle-associated membrane protein) on the vesicles [9], syntaxin on the target 
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membrane [10] and a soluble protein SNAP25 (25kDa synaptosome-associated protein) [11] 
which could be tethered to the membrane by the pamiltoylation [12, 13]. VAMP and syntaxin each 
contain a SNARE motif directly linked to their transmembrane domains. SNAP25 has two 
SNARE motifs connected by a flexible linker region. Synatxin also contains a regulatory 
N-terminus which would form a three-helix bundle and bind to its SNARE motif, thereby 
isolating syntaxin from interaction with other SNAREs. In yeast, Snc2p and Sso1p are the 
counterparts of VAMP and synatxin respectively and Sec9 is the analog of SNAP25 [14, 15]. 
In vivo, neuronal transmitter release is tightly controlled by calcium [16, 17], which can be 
sharply compared to the constitutive fusion between yeast post-Golgi shuttle vesicles and the 
target membrane. Therefore it’s conceivable that that there should be the calcium sensors in the 
neurons as either the clamp or stimulus for the fusion machinery. Several candidates, such as 
synaptotagmin and complexin, have been proposed to play some certain role in the fusion 
regulations [18-23]. 
 
Structure of the SNARE complex 
The assembly of the SNARE complex is mediated by the SNARE motif, which is mostly 
unstructured when SNAREs are monomeric and undergoes dramatic conformational change 
during the assembly [24]. The core complex formed by the soluble domains of recombinant 
neuronal SNAREs is extremely stable, resistant to SDS denaturation, protease degradation and 
neurotoxin cleavage and thermally stable up to 90 heating [8, 25, 26]. These unusual 
characteristics leads to the hypothesis that the energy released from the formation of the core 
complex might be harnessed to overcome the energy barrier in the membrane fusion. 
The research about the structure of the core complex was pioneered by the EPR (electron 
paramagnetic resonance) method then affirmed by the crystallography [27, 28]. Both of them 
suggested that the core complex is a four-stranded parallel coiled coil, in which VAMP and 
syntaxin donate one helix respectively and SNAP25 two helices (Fig 2). The helix bundle is 
composed of 16 layers, denoted by the number -7 to +8, with the 7 amino acid periodicity. In the 
middle, the layer 0 consists of those extraordinarily conserved 3 glutamines (one from syntaxin 
and two from SNAP25) and 1 arginine (from VAMP). The amino acids of other contacting layers 
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are mostly hydrophobic. The groves on the surface of the helix bundle can serve as the binding 
region for the regulatory proteins, such as complexin [29]. For yeast SNARE complex, NMR data 
indicated a similar structure [30]. 
 
The hierarchy of SNAREs assembly and ‘zipper’ model 
The assembly of the neuronal SNARE complex could be dissected into at least four steps: First, 
the regulatory N-terminus of syntaxin is detached from its SNARE motif with the help of 
regulatory factors, altering syntaxin from ‘close’ conformation to ‘open’ conformation. Therefore 
synatxin becomes accessible for other SNAREs. Then, SNAP25 and syntaxin associate into a 
binary complex on the target membrane before VAMP on the opposing vesicular membrane 
approaches and associates with the binary complex to form the ternary complex. At this stage 
since the ternary complex simultaneously resides on the two approaching membranes, it is named 
as trans-complex. Finally, after the two membranes merge together, the trans complex transits to 
the cis-complex, which then would be disassembled by ATPase NSF for the recycling [31-34]. 
There are two forms of neuronal binary complexes with the different combinations of SNAP25 
and syntaxin [35]. The 1:1 model is the three-helix bundle, containing one copy of synatxin and 
one copy of SNAP25. The 2:1 model is the four-helix bundle with one more copy of syntaxin. 
Both of these complexes exist in vivo [36] and recently researchers [37] reported that the former is 
the active intermediate for the further trans complex assembly and the latter could be the 
off-pathway intermediate. The equilibrium of these two forms might be a regulatory mechanism 
for SNARE complex assembly. 
The formation of the trans-complex is proposed to start at membrane-distal N-termini, followed 
by the extension to the membrane-proximal C-termini. This stepwise mechanism is called 
zippering model [24] with some ambiguous experimental support from in vitro segmentation 
assays and in vivo neurotoxin cleavage tests [38-42]. However, it’s hard to reconcile this model 
with the unexpected fact that VAMP was shown not to be accessible for the binary complex before 
the calcium triggering [43, 44]. In addition, the recent EPR kinetics study suggested that the 
assembly of the yeast SNARE complex might be in concert throughout the whole SNARE motif 
[45]. 
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Structural study by EPR method 
SDSL (site-directed spin label)-EPR, which was pioneered by the contribution of Hubbell and 
coworkers [46, 47], has been proven a powerful tool for investigating the various proteins, 
including SNAREs, in their native-like environment. In SDSL-EPR the original amino acid of the 
target protein was substituted with cysteine and subsequently modified by the small nitroxide spin 
label (Fig 3). EPR analysis provides resourceful information about the structure, dynamics and 
membrane topology. Compared to crystallography or NMR, the advantage of EPR includes the 
small sample quantity required, the easy sample preparation and the fast data collection. However, 
the introduction of cysteine mutant and the relatively bulky spin label probably would severely 
disturb the structure of the target protein. 
EPR lineshape analysis is the basic technique for structural exploration. EPR lineshape is 
sensitive to the mobility of the nitroxide [48, 49] and is largely determined by local structural and 
viscosity factors. In general, slow motion results in the incomplete hyperfine tensors averaging, 
leading to the spectrum broadening. For example, a nitroxide attached to an exposed α-helix 
would move more slowly (with the rotational correlation time of 2-4 nsec) than one attached to an 
exposed loop (the rotational correlation time of 0.5-1 nsec), generating a broader EPR spectrum. 
Furthermore, a nitroxide would be highly immobilized (with the rotational correlation time of 
10-20 nsec) by the tertiary interaction, producing an even broader EPR spectrum. The motion of 
the nitroxide is also slowed down by the insertion into the membrane (3-5 nsec for the exposed 
nitoxide). Therefore, the information about the backbone secondary structure and environment 
around the spin label could be obtained by the EPR lineshape analysis. 
There will be two more EPR techniques discussed in this context besides EPR lineshape 
analysis: EPR distance measurement based on dipolar-dipolar interaction and the EPR collisional 
method for the membrane topology determination. 
Generally in EPR distance measurement a pair of cysteines on the selected positions are spin 
labeled. The dipolar-dipolar interaction between the neighboring spin labels leads to the spectrum 
broadening. The Fourier transform could retrieve the broadening function from the EPR spectra, 
which is subsequently used to calculate the distance between the spin labels. This method has 
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been shown to be effective within the range of 7-25 Å experimentally. Under 7 Å, the spin 
exchange interaction would dominate and above 25 Å, the inhomogenous line broadening fails the 
measurement [50]. 
The EPR collisional method is invaluably useful to explore the membrane topology of the 
target protein [51]. Two fast relaxants, oxygen (O2) or Ni-ethylenediaminediacetic acid 
(Ni(EDDA)) are applied in this method. Collision of the nitroxide with the fast relaxants causes 
Heisenberg spin exchange that effectively shortens the spin lattice relaxation time, T1, of the 
nitroxide. The collision frequency or, equivalently, the accessibility factor W, obtained by fitting 
the power saturation curve, is proportional to gDC, where g is the steric factor, D is the relative 
diffusion coefficient, and C is the concentration of the fast relaxant. Since O2 is a nonpolar 
molecule, it establishes a concentration gradient which is higher in the membrane and lower in the 
aqueous. On the other hand, the polar relaxant such as Ni(EDDA) establishes the opposite 
concentration gradient. Therefore the accessibility parameters should show the complementary 
pattern for these two relaxants, which means higher WO2, lower WNi(EDDA). Finally, the 
accessibility parameters WO2 and WNi(EDDA) can be quantitatively converted into immersion depth 
by applying the formula
2 2
2
ln( )
ln( )
O N
Ni N
W WA
W W
C−× − + , in which ‘A’ and ‘C’ are constants from the 
calibration based on the standard samples with known immersion depth. The accuracy of the 
accessibility parameters strongly depends on the environment around the spin label. For example, 
incomplete exposure to the relaxant due to the conformation restriction might introduce severe 
uncertainty. The flexibility of the spin label’s side chain is also a factor which needs to be 
considered for the data explanation. 
 
Fusion pathway and intermediates 
How is assembly of the SNARE complex coupled to the membrane fusion? One model 
suggested that the stiff linker between the helix bundle domain of SNAREs and the 
transmembrane domain can serve as a mechanical driver to transmit the energy released from the 
assembly of a core complex into the membrane, thus somehow deform the membrane structure 
and achieve the mixture of two bilayers. In order to supply enough energy, several SNARE 
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complexes need to coordinate around the fusion onset [52]. This model brought up several 
predictions which have been proven by a series of experiments. First, the membrane-proximal 
region of the core complex has been shown to insert the membrane, tightly coupling coiled-coil to 
the bilayer [53, 54]. Second, the fusion could be aborted by replacing the transmembrane domain 
of SNAREs with a more flexible lipid anchor, or inserting extra amino acid to the linker region 
[55, 56]. However, this model was experimentally challenged by the researches which showed 
that the reconstituted SNAREs transmembrane domain itself is able to induce the membrane 
fusion [57]. In addition, the yeast SNARE complex on the membrane was shown to be in the 
equilibrium between ‘tight’ and ‘loose’ states, resulting in almost no free energy release [58]. 
These results indicated that SNAREs might serve as the ‘set up’ role and the energy released from 
the core complex assembly might not be necessary to drive the fusion. 
The more delicate task is to describe in detail the whole fusion process from the opposing 
membrane contacting to the final connection of separated aqueous contents. There have been 
several hypotheses for the fusion pathway. Generally, they can be classified into two models [59]: 
direct model and hemifusion model (Fig 4). Direct model suggests that the transmembrane 
domain of SNAREs can form the half gap-junction like pore on the membrane. Then the pores on 
the opposing membrane can be juxtaposed by the assembly of the trans-SNARE complexes. 
Expansion of these proteinaceous pores by lipid incorporation leads to the complete membrane 
fusion. Hemifusion model suggests that there should be a metastable state in which the proximal 
leaflets of the opposing membranes merge together, while the distal leaflets remain the original 
integrity. This is a highly bended structure with negative curvature for the mixed proximal leaflet. 
Some lipids with specific shape geometrically favor to the certain curvature, and are therefore 
able to regulate the fusion process, which is known as the curvature effect (Fig 5). In hemifusion 
model the whole process can be dissected into two steps: first, from opposing membranes 
contacting to the hemifusion state. The energy barrier for this step might be low [60, 61] and 
overcome by the energy released from core complex assembly. Second, from hemifusion state to 
the complete bilayer merge, including the pore opening, dilation and probably a series of pore 
flickers until the final irreversible complete distal leaflets and content mixing. 
In both scenarios, the transmembrane domains play the central role. Some predictions 
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depending on the different models were experimentally verified. For example, the replacement of 
pore facing amino acid with a series of substitutions alters the conductance through the pore. 
Additionally, the trend showed that the alternation effect is almost linear to the volume of the 
substitutions’ side chains [62], in agreement with direct model. On the other hand, altering the 
transmembrane domain, such as replacement with glycosylphosphatidylinositol anchor [63], could 
lead to the loss of content mixing. And the addition of lyso-lipid, which is supposed to be the 
hemifusion inhibitor due to its positive curvature favor, into the fusion system could reduce the 
fusion efficiency [64]. These results support the hemifusion model. The parallel researches about 
the viral fusion system suggest that the hemifusion might exist in the fusion process [65-67]. The 
structural similarity between the viral fusion protein and the SNAREs complex also indicates that 
they might share the similar fusion mechanism. 
 
in vitro fusion assay: traditional versus single liposome assay 
In order to illustrate the fusogenic activity of the neuronal SNAREs, Rothman’s group first 
applied the dequenching strategy to studying the lipid mixing during the membrane fusion [68, 
69], which we’ll name in the context as the Rothman’s assay or bulk assay. The results led them to 
raise the famous hypothesis that the SNAREs are the minimal fusion machinery. The basic idea is 
that the two populations of the artificial liposomes are generated: One population with fluophore 
lipid (NBD) and its quenching partner (Rhodamin), which is then reconstituted with v-SNARE 
and the other population composing of regular lipid, reconstituted with t-SNAREs. After mixing 
them together, the surface area of the labeled liposome should expand if membrane fusion occurs. 
Therefore, the dilution of the Rhodmain surface concentration leads to the NBD fluorescence 
intensity increase. This assay then has been quickly adopted as the standard method and has been 
shown to be successful for dissecting the functionality of the SNAREs from other species [70] and 
the regulatory factors involved in membrane fusion [21, 22, 38]. However, the fidelity and the 
biological relevance about the bulk assay are always in argument. The fusion rate revealed by this 
assay is extremely slow (about hours to finish) compared to the bursting of neuronal transmitter 
release in submillisecond in vivo [71]. Furthermore, since the observation of the bulk assay over 
the ensemble is the sum of all the unsynchronized events, it’s impossible to dissect the different 
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phases in the whole fusion procedure, which includes docking and a series of fusion 
intermediates. 
In order to circumvent this synchronization issue, the single fusion assay was developed in 
which the fusion event could be observed on the level of the single liposome. There have been 
several practical single fusion systems to study the membrane fusion induced by neuronal 
SNAREs with or without the regulatory proteins [72, 73]. However, in those scenarios, the 
t-SNAREs were incorporated into a planar membrane, which somehow showed mysterious fusion 
potential. The independence of SNAP25, which has been shown essential to the fusion in vivo and 
in the bulk assay, makes the results from this design ambiguous. In the context, a new generation 
single fusion assay will be introduced, which successfully carried on the liposome-liposome 
fusion on the 2-D surface and revealed the characteristics of the lipid mixing in unprecedented 
detail.  
 
Dissertation Organization 
 
Chapter one provides the general background information to the membrane fusion and SNAREs. 
Chapter two discusses the structure of neuronal binary complex and has been published in Journal 
of Biological Chemistry. Chapter three describes the membrane topology of yeast v-SNARE 
embedded in the membrane and the hemifusion intermediate is discovered in the fusion pathway, 
which has been published in Nature Structure and Molecular Biology. Chapter four extends the 
discussion of the hemifusion intermediate to the neuronal system and has been published in 
Journal of Biological Chemistry. A new approach to dissect the fusion pathway is revealed in 
chapter five and these results have been submitted to PNAS. Finally, Chapter six summarizes the 
results and suggests the further directions for the future researches.  
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Figure 1. Schematic primary structure of Neuronal SNAREs. 
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Figure 2. Crystal structure of neuronal SNARE complex 
Sx, Sb and Sn represents syntaxin, synaptobrevin (VAMP) and SNAP-25, respectively. (a) 
SNARE complex is a parallel four-helix bundle. (b and c) the layers of SNARE complex. The 
layer 0 consists of three glutamines and one arginine. 
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Figure 3. Schematic illustration of site directed spin labeling 
The native amino acid is substituted by cysteine using mutagenesis. Then the mutant protein is 
specifically modified by the nitroxide spin label (MTSL). 
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Figure 4. Two models for fusion pathway 
(a) Hemifusion model. The membrane fusion transits through the hemifusion state (a2 and a3), in 
which outer leaflets mix whereas inner leaflets remain intact. (b) Direct model. The 
transmembrane domains of SNAREs aggregate on the opposing membranes and perform the 
proteinaceous pores. The assembly of trans-SNARE complex juxtaposes these two half 
gap-channel, resulting in the content mixing. b3 is a hybrid model in which the lipid mixing can 
occur along with the content mixing given the lipid can cross the pore surface lined by 
hydrophobic transmembrane domains. These two models are indistinguishable after the fusion 
pore dilates. 
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Figure 5. Hemifusion state and curvature effect. 
Lipids PE and LPC adopt different spontaneous curvature, which makes PE fit in the positive 
curvature of outer leaflet in hemifusion state better than LPC.
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CHAPTER 2: THE FOUR-HELIX BUNDLE OF THE NEURONAL TARGET 
MEMBRANE SNARE COMPLEX IS NEITHER DISORDERED IN THE MIDDLE NOR 
UNCOILED AT THE C-TERMINAL REGION 
 
A paper published in Journal of Biological Chemistry, 2002, vol 17:24294-8 
Fan Zhang, Yong Chen, Dae-Hyuk Kweon, Chang Sup Kim, and Yeon-Kyun Shin 
 
SUMMARY 
Assembly of the SNARE complex is an essential step for membrane fusion and 
neurotransmitter release in neurons. The plasma membrane SNAREs syntaxin 1A and SNAP-25 
(t-SNAREs) and the delivery-vesicle SNARE VAMP2 (or v-SNARE) contain the “SNARE 
regions” that essentially mediate SNARE pairing. Using site-directed spin labeling and EPR 
distance measurement we show that two identical copies of the SNARE region from syntaxin 1A 
intertwine as a coiled coil near the "ionic layer" region. The structure of the t-SNARE complex 
appears to be virtually identical to that of the ternary SNARE complex, except that VAMP2 is 
substituted to the second copy of syntaxin 1A. Furthermore, it appears that the coiled coil structure 
is maintained up to residue 259 of syntaxin 1A, identical to that of the ternary complex. These 
results are somewhat contradictory to the previous reports, suggesting that the t-SNARE complex 
has the disordered midsection (Xiao, W. Z., Poirier, M. A., Bennett, M. K., and Shin, Y. K. (2001) 
Nat. Struc. Biol. 8, 308-311) and the uncoiled C-terminal region (Margittai, M., Fasshauer, D., 
Pabst, S., Jahn, R., and Langen, R. (2001) J. Biol. Chem. 276, 13169-13177). The newly refined 
structure of the t-SNARE complex provides a basis for the better understanding of the SNARE 
assembly process. It also provides possible structural-functional clues to the membrane fusion in 
the v-SNARE deleted fusion models. 
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INTRODUCTION 
Neurotransmitter release at synapses requires fusion of synaptic vesicles with the target 
presynaptic plasma membrane. Synaptic membrane fusion is directly or indirectly mediated by a 
set of highly conserved proteins referred to as SNARE proteins [1-3]. Target (t-) SNAREs 
syntaxin 1A and SNAP-25 are plasma membrane associate proteins. Syntaxin 1A is a 
transmembrane protein in which the soluble domain protrudes from the plasma membrane, 
whereas SNAP-25 is a soluble protein that is bound to the membrane by lipid chains. Two 
t-SNAREs spontaneously form the binary complex that might serve as an intermediate for the 
SNARE complex assembly [4]. Upon docking of the vesicle to the plasma membrane vesicle (v-) 
SNARE VAMP2 interacts with the t-SNARE complex to form a stable SNARE complex that 
perhaps leads to, or catalyzes, the fusion of two membranes. 
The highlight of the SNARE assembly is the formation of a parallel four-helix bundle [5, 6]. 
The SNARE regions, which are the H3 domain of syntaxin 1A, two coiled-coil domains of 
SNAP-25, and a VAMP2 helical domain [5, 7-9], assemble into a 110-Å-long parallel 
four-stranded coiled coil [5, 6]. The parallel arrangement of syntaxin 1A and VAMP2 would bring 
two transmembrane domains into close proximity, setting up the stage for membrane apposition 
[10, 11]. Based on this structure, one can envision that the SNARE assembly forces the two 
membranes into apposition, promoting membrane fusion. The high stability of the complex 
perhaps implies that the energy released from the complex formation might be used to overcome 
the fusion energy barrier. A similar mechanism has been proposed for viral-cellular membrane 
fusion systems such as flu hemagglutinin and human immunodeficiency virus gp41 [12, 13]. It is, 
however, still controversial whether the SNARE complex is actively involved in fusion [1] or 
whether it plays a mere catalytic role [14] or a different role [15]. Nevertheless, slow but 
measurable membrane fusion has been observed for cell-free SNARE-reconstituted vesicles [16, 
17]. 
On the other hand, the structure of the t-SNARE complex would provide valuable insights 
into the SNARE assembly process. Recently, the crude alignment of the SNARE regions in the 
t-SNARE complex has been determined using spin labeling EPR [18, 19]. The t-SNARE complex 
appears to be structurally similar to the ternary complex; syntaxin 1A and SNAP-25 assemble into 
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a parallel four-helix bundle that consists of two copies of the syntaxin 1A H3 domain and the two 
helical domains of SNAP-25. The data from the EPR study, however, were not sufficient to tell 
whether the t-SNARE complex actually forms a coiled-coil structure. Furthermore, this study 
indicated that the middle section of the four-helix bundle is perhaps disordered [18]. It is also 
suggested that the C-terminal region of the t-SNARE complex is partially uncoiled when 
compared with the structure of the ternary SNARE complex [19]. Thus, more data are required to 
establish its structural relationship to the ternary SNARE complex. 
Functionally, homotypic membrane fusion has been observed in v-SNARE-deleted yeasts 
[20, 21], implying that the t-SNARE complex can mediate membrane fusion. It is also shown that 
t-SNARE proteins are sufficient for the fusion of ER membranes [22]. Thus, the structure of the 
t-SNARE complex might provide some important clues to the t-SNARE induced membrane 
fusion. 
In this study, we investigated the structure of the neuronal t-SNARE complex using 
site-directed spin labeling [23, 24] and EPR spectroscopy. In particular, we have used the 
nitroxide scanning strategy in the middle section and the C-terminal region of the core complex. 
Because there are two copies of syntaxin 1A in the complex, single spin labeling on syntaxin 1A 
renders two nitroxide spin labels, and the distance between the pairs can be determined [25, 26]. 
From EPR studies we found that the middle section of the t-SNARE bundle is a coiled coil that is 
identical to that of the ternary complex. We also found that the C-terminal end of the coiled coil 
matches with that of the ternary SNARE complex [6], contradicting to the assertion that the 
C-terminal region of the t-SNARE complex is uncoiled [19]. Our results establish the close 
structural resemblance between the t-SNARE complex and the ternary SNARE complex. 
 
RESULTS 
Since the previous EPR study [18] indicated that the middle section of the neuronal t-SNARE 
complex might be uncoiled or disordered, our investigation was focused on the structural 
determination of the region neighboring the evolutionally conserved Gln-226 in syntaxin 1A (Fig. 
1). The nitroxide scanning strategy [27, 28] should be an effective way to examine the secondary 
and the tertiary structure of the region. We have generated 10 consecutive single cysteine mutants 
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of syntaxin 1A in the region of amino acids 221-230 for spin labeling (Fig. 1a). The cysteine 
mutants were reacted with thiol specific MTSL for EPR measurements. In this experiment we 
have chosen to use SNAP-25[N] and SNAP-25[C] for the complex formation. Thus, the complex 
does not contain the SNAP-25 loop. For individual mutants we analyzed the SNARE complex 
formation using gel electrophoresis under non-denaturing conditions and SDS-PAGE (data not 
shown). We found that all spin-labeled syntaxin 1A mutants were capable of forming the binary 
t-SNARE complex (data not shown). 
Because the t-SNARE complex contains two copies of syntaxin 1A, this naturally leads to 
two nitroxides per complex for singly labeled syntaxin 1A. When two nitroxides are located close 
to one another, the interaction between them leads to the broadening of the EPR spectrum. The 
spin-spin interaction is a function of the distance, and the spectral broadening can be analyzed to 
determine the inter-spin distance [25, 26, 29]. Here, we wish to test whether the central region of 
the four-helix bundle is indeed disordered or it otherwise maintains the parallel coiled-coil 
structure by examining distances as well as spectral broadening. 
Coiled coils are featured by the repeats of the seven residues denoted by symbols a through g 
(Fig. 1, a and b). Among those a and d are typically the non-polar residues that constitute the core, 
whereas the others are peripheral positions of the intertwined helix bundle. Sequence analysis 
predicts a high coiled-coil propensity for syntaxin 1A, and the theoretically predicted a-to-g repeat 
is shown below the amino acid sequence in Fig. 1a. We also show a schematic helical wheel 
model representing a predicted arrangement of two syntaxins in the parallel four-helical bundle in 
Fig. 1b. In this model the a position from one syntaxin makes the contact with the d position from 
the second syntaxin as it should be for a parallel coiled coil. 
To be consistent with the model (Fig. 1b), a strong spin-spin interaction and extensive 
spectral broadening are expected for residues 223, 226, and 230, which are a, d, and a positions, 
respectively. On the other hand, we should expect much weaker spin-spin interaction and therefore 
less spectral broadening for other peripheral positions. 
First derivative-mode EPR spectra collected at room temperature for all ten positions are 
plotted in Fig.2. Spectra for positions 223, 226, and 230 exhibit significant spectral broadening 
characteristic of the strong spin-spin interaction, partially satisfying the requirements for the 
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coiled-coil structure. With the room temperature EPR spectra, however, the weak spin-spin 
interactions that might be occurring for the other seven positions are not obvious due to the 
coexistence of motional broadening effects. 
The spectral broadening caused exclusively by the spin-spin interaction is better represented 
in the EPR spectra taken at low temperature where the side chain motion is completely frozen. For 
the same spin-labeled samples EPR spectra taken at 130 K are also shown in Fig. 2. EPR spectra 
here are plotted in the absorbance mode. Spectral broadening is conspicuous for positions 
223, 226, and 230, as it was at the room temperature. In contrast, for seven other positions, we 
observe some, but much less, EPR line broadening, indicating the weaker spin-spin interaction 
and the longer distances between spin pairs. Thus, the EPR data are in a good qualitative 
agreement with the coiled-coil model in Fig. 1b. 
To examine the structure of two syntaxin helices quantitatively, the low temperature EPR 
spectra were analyzed to determine the interspin distances. We used the Fourier deconvolution 
analysis [25] that has proven to be effective in the range of 7-25 Å [30-33]. The Fourier analysis 
revealed that the distances for 223, 226, and 230 are 9, 11, and 10 Å, respectively, while the 
distances for other spin pairs range from 15 to 22 Å. 
In Fig. 3A EPR-determined distances were compared with two sets of model distances. The 
first distance set (open circles) is obtained from the corresponding β carbon-to-β carbon distances 
in the crystal of the ternary complex [6]. For this we assumed that the second copy of syntaxin 1A 
substituted the VAMP2 helix without any structural rearrangement. The second data set (open 
squares) is obtained from a simple helical wheel model that retains the parallel four-helix bundle 
geometry, but the extension of the nitroxide side chains is taken into consideration (Fig. 3B). The 
diameter of the helix near the “0” layer is ~7 Å [6]. The tip of the nitroxide is six σ-bonds away 
from the β carbon, and it is shown that the nitroxide is located ~7 Å away from the center of the 
helices [25, 34]. A simple model best representing these conditions are depicted in Fig. 3B. 
In Fig. 3A it is shown that EPR-determined distances are in excellent agreement with those 
from a simple structural model (Fig. 3B). This suggests that the structure of the t-SNARE complex 
in the middle is virtually indistinguishable from the crystal structure of the core SNARE complex 
within experimental uncertainty. The uncertainty of the EPR measurement mainly stems from the 
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side chain degree of freedom. It is estimated to be 2-3 Å for a pair of fully exposed nitroxide side 
chains [35]. Tertiary confinements may increase the uncertainty depending on the circumstances. 
Since a previous study suggested that the t-SNARE complex is frayed at the C terminus [19], 
we next directed our investigation to find where the coiled-coil structure ends at the C terminus. 
We have generated 10 consecutive cysteine mutants for nitroxide scanning experiments in this 
region (Fig. 1a). For this experiment we have used the SNAP-25 construct containing the long 
loop. All spin-labeled syntaxin 1A mutants were capable of forming the binary t-SNARE complex, 
as confirmed by gel electrophoresis under non-denaturing conditions and SDS-PAGE (data not 
shown). 
EPR spectra of the ten spin-labeled mutants collected at room temperature are plotted in Fig. 
4. The tendency of spectral narrowing along the sequence is clearly seen. This indicates that the 
polypeptide chain becomes progressively more mobile toward the C-terminal end. However, it 
appears that the first four spectra (256 through 259) are significantly different from the next six 
(260 through 265), and their spectral line widths are much broader than that of the rest. Residue 
258 exhibits the broadest EPR spectra, indicating some extensive tertiary contact [36]. We note 
that residue 258 is predicted to be at the a position in the coiled coil. Thus, it is most likely that the 
coiled coil structure is retained up to residue 259. We determined the interspin distance for 
individual spin labeled mutants using the Fourier deconvolution method. Although position 258 is 
predicted to be the a position, the distance is 19 Å, much longer than what is expected for the 
coiled coil. Instead, we observe a shorter 14 Å for position 257, shorter than what is expected for 
the g position. Such anomaly perhaps indicates some structural distortion at the end of the coiled 
coil. Distances for all other positions are over 20 Å, consistent with the divergent C-terminal 
region (data not shown). 
 
DISCUSSION 
Our EPR results strongly suggest that two copies of syntaxin 1A in the t-SNARE complex 
intertwine as a coiled coil in the middle section around Gln-226, and the coiled coil most likely 
extends to residue 259. In the four-helix bundle of the ternary SNARE complex residue Gln-226 
of syntaxin 1A makes the ionic 0 layer, together with residue Arg-56 of VAMP2, and residues 
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Gln-53 and Gln-175 from the N- and the C-terminal "SNARE regions" of SNAP25, respectively. 
Therefore, in the t-SNARE complex Gln-226' from the second copy of syntaxin 1A likely 
occupies the spot for VAMP2 Arg-56 in the ternary complex. We speculate that four glutamine 
residues at the 0 layer significantly destabilize the four-stranded coiled-coil structure [37, 38]. Yet, 
we found from our EPR study that this region assembles into a well defined coiled coil in the 
t-SNARE complex. 
A previous EPR study suggested some structural disorder around the 0 layer, although the 
t-SNARE complex forms a four-stranded coiled coil in the C- and N-terminal regions [18]. The 
explanation for the discrepancy between the previous work and the conclusions from this work 
could be due to the presence of the mixed complexes. Recently, it has been shown that the 
t-SNARE complex is actually a mixture of two different kinds: (i) the complex composed of two 
copies of syntaxins, and N- and C-terminal SNARE regions of SNAP-25, and (ii) the complex 
composed of two copies of syntaxins and two identical copies of the N-terminal SNARE region of 
SNAP-25 [39]. In the previous EPR work, the nitroxide pairs were mostly attached to SNAP-25. 
Thus, coexistence of two types of t-SNARE complexes could have resulted in the spin distances 
that are (i) neither representing those in the complex nor (ii) corresponding to those in the complex, 
severely impairing the structural interpretation. 
Present EPR work suggests that the four-stranded coiled-coil structure of the t-SNARE 
complex extends to residue 259 of syntaxin 1A. According to the crystal structure the syntaxin in 
the ternary complex is also helical up to residue 259. However, an EPR study has shown a 
dramatic increase of the motional rate at positions 258 and 259 in the t-SNARE complex when 
compared with those in the ternary complex [19]. This result was interpreted as the evidence for 
the frayed C-terminal region of the four-helix bundle. We argue that this conclusion may not 
properly represent the structure of the relevant SNARE complex. The discrepancy between the 
EPR study and our present work could be attributed to the differences in the length of the 
polypeptide chains; in our study residues up to 266 are included, while a four-residue shorter 
polypeptide was used in the other EPR study. The extra four residues could have contributed to the 
stability of the helical structure at the C-terminal end. 
The H3 domain of syntaxin 1A spontaneously assembles into an anti-parallel arrangement of 
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two parallel dimers [39]. It is conceivable that the two copies of syntaxins in the binary complex 
are structurally similar to the parallel helices in the syntaxin oligomer. As mentioned above 
syntaxin is helical up to residue 259 in the t-SNARE complex. In contrast, the last ordered residue 
in the crystal structure of the syntaxin oligomer is residue 253. The interaction between syntaxins 
and SNAP-25 helices in the t-SNARE complex perhaps contributes to the further extension of the 
helical structure rather than that in the syntaxin oligomer. 
Spin labeling at Q226C results in the replacement of two glutamine residues by the nitroxide 
side chain in the t-SNARE complex, perhaps severely hampering the stability around the 0 layer. 
Surprisingly, we observe that the four-helix bundle is still intact as evidenced by the strong 
spin-spin interaction (Fig. 2), although we detected some motion in the EPR spectrum, indicating 
local destabilization. 
Membrane apposition, water exclusion, and rearrangement of lipids at the fusion site are a 
few early steps toward the membrane fusion [40]. These are likely to be energetically costly 
processes. The current fusion model, at least for viral-cellular membrane fusion, postulates that the 
requisite energy is derived from the conformational change of the fusion proteins [12, 13]. It has 
been speculated that the formation of the ternary complex in the case of SNARE-induced fusion 
may do the similar function. If so, the assembly of the t-SNAREs with v-SNARE would bring 
about the juxtaposition of two membranes, and the energy released from the assembly process is 
perhaps directly funneled to the fusion site for the water exclusion and the rearrangement of the 
lipid. Likewise, although highly speculative, the four-stranded coiled-coil structure of the 
t-SNARE complex demonstrates its capability as a potential fusogen. The t-SNARE four-stranded 
coiled coil could play an active role in membrane fusion in v-SNARE-deleted fusion models, 
although other explanations are possible for membrane fusion in those fusion models. 
It appears that the neuronal t-SNARE complex is structurally different from the yeast 
t-SNARE complex. An NMR investigation [41] revealed that the yeast t-SNARE complex is a 1:1 
complex of Sso1 (homologous to syntaxin) and Sec9 (homologous to SNAP-25) for which the 
C-terminal domain of syntaxin below residue 245 is largely unstructured. Intriguingly, it is 
recently shown that the yeast t-SNAREs likely form the 2:1 complex in vivo [21], warranting 
further investigation. 
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For residue 258, that is predicted to be an a position, we observed a broad slow motional 
EPR spectrum characteristic of an internal position in the coiled coil. However, we do not observe 
the strong spin-spin interaction, as it has been the case for the nitroxides attached to the 
midsection. Instead, we detected a relatively strong spin-spin interaction for position 257. This 
might indicate that the coiled coil is somewhat distorted near the end so that position 257 moves 
more toward the core region and to be closer to the nitroxide from the second copy of syntaxin 1A. 
 
MATERILAS AND METHODS 
 
Plasmid Construction and Mutagenesis 
Recombinant glutathione S-transferase (GST) or His6 fusion proteins were expressed in 
Escherichia coli from the pGEX-KG vector [42] or pQE-30 vector (Qiagen), respectively. 
Plasmids encoding GST-syntaxin 1A (amino acids 191-266), GST-SNAP-25 (amino acids 1-206), 
His6-SNAP-25[N], and GST-SNAP-25[C] were gifts from Dr. Michelle Poirier. The four native 
cysteines in the SNAP-25 loop were changed to alanines. All cysteine mutants were generated by 
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), and they were confirmed by 
DNA sequencing (Iowa State University DNA Sequencing Facility). 
 
Protein Expression, Purification, and Spin Labeling 
GST fusion proteins were expressed in E. coli BL21(DE3) Codon Plus RIL (Stratagene) and 
purified using glutathione-agarose chromatography. The cells were grown at 37 °C in LB with 
2 g/liter glucose, 100 µg/ml ampicillin, and 50 µg/ml chloramphenicol until A600 reached 0.6-0.8. 
After adding isopropylthio-β-D-galactopyranoside (0.3 mM) the cells were further grown for 
6 more h at 30 °C for GST-SNAP-25, and GST-SNAP-25[C] but at 16 °C for GST-syntaxin 1A. 
The cysteine mutants were spin labeled, while the protein was bound to the beads. The beads were 
first treated with 2 mM dithiothreitol. After washing with an excess volume of PBST 
(phosphate-buffered saline with Tween 20 (0.5%))-Met buffer a 10-fold molar excess of MTSL 
was added, and the sample was reacted with MTSL for 4 h at the room temperature. After this the 
sample was left to stand at 4 °C overnight. Free MTSL was removed by washing PBST-Met 
 
34 
buffer, and the spin-labeled protein was cleaved off from the resin with thrombin. Spin labeling 
was nearly quantitative for all cysteine mutants. 
His6-SNAP-25[N] was expressed in E. coli strain M15[pREP4] and purified using Ni-NTA 
affinity chromatography. The cells were grown at 37 °C in LB with 2 g/liter glucose, 100 µg/ml 
ampicillin, and 25 µg/ml kanamycin until A600 reached 0.6-0.8. Protein expression was induced by 
isopropylthio-β-D-galactopyranoside (1 mM), and the cells were grown for 6 h at 30 °C. The 
protein was bound to the Ni-NTA resin and washed with buffer A (50 mM NaH2PO4, 300 mM 
NaCl, and 20 mM imidazole, pH 8.0).  
 
Preparation of the t-SNARE Complex without the SNAP-25 Loop 
To prepare the t-SNARE complex purified syntaxin 1A and SNAP-25[C] were added to the 
Ni-NTA resin solution that was bound to His6-SNAP-25[N] with the molar ratio of 2:1:1, and the 
solution was incubated at 4°C overnight. After washing with buffer A, the t-SNARE complex was 
eluted from the Ni-NTA resin with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM 
imidazole, pH 8.0). Protein samples were concentrated using centricons with a 5000 molecular 
weight cutoff (Millipore, Bedford, MA) to perform EPR spectroscopy. The protein concentrations 
were approximately in the range of 50-100 µM. 
 
Preparation of the t-SNARE Complex with the SNAP-25 Loop 
Purified syntaxin 1A and SNAP-25 were mixed with a molar ratio of 2:1, and the mixture 
was left to stand at 4 °C overnight. The complex was then purified with Bio-Rad UNO Q1 
perfusion column, equipped in the Bio-Rad Duoflo system, in 15 mM Tris-HCl, pH 8.4, buffer 
using a NaCl gradient from 15 mM to 0.5 M. All protein concentrations were estimated by 
Bio-Rad protein assay using bovine serum albumin as a standard. 
 
EPR Data Collection 
EPR spectra were obtained using a Bruker ESP 300 spectrometer (Bruker, Germany) equipped 
with a low noise microwave amplifier (Miteq, Hauppauge, NY) and a loop-gap resonator (Medical 
Advances, Milwaukee, WI). The modulation amplitude was set at no greater than one-fourth of the 
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line width. Spectra were collected at either room temperature or 130 K in first-derivative mode. At 
room temperature the microwave power was kept at 1 milliwatt, but it was 8 microwatts at 130 K 
to avoid the saturation of EPR lines. All protein samples contain 10-15% glycerol as a 
cryoprotectant. 
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Figure 1.  Amino acid sequence of syntaxin 1A and a helical wheel model of t-SNARE.  
a, amino acid residues at the central region of H3 domain are shown in the first row. Also shown 
in the second row is the sequence of the C-terminal region of syntaxin 1A preceding the 
transmembrane domain. A predicted a-g heptad repeat is written under the single letter codes. b, a 
schematic helical wheel model for the parallel four-helix bundle of the t-SNARE complex. Two 
copies of syntaxin 1A helices are assembled with SNAP-25[N] and SNAP-25[C] into a 
four-stranded coiled coil. For the syntaxin 1A wheel approximate position of the heptad repeat are 
shown. 
 
 
40 
 
 
 
 
 
 
41 
Figure 2.  EPR spectra of t-SNARE under room and low temperature.  
First-derivative mode EPR spectra taken at room temperature are shown on the left-hand side, and 
absorbance model EPR spectra taken at 130 K are shown on the right-hand side. At room 
temperature spectra for nitroxides at 223, 226, and 230 exhibit the broadening pattern 
characteristic of spin-spin interactions. The spectral broadening for those positions is better 
displayed at the low temperature. 
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Figure 3.  Experimental distances versus model distances. 
A, EPR-determined distances are compared with model distances. EPR-determined distances are 
shown as black filled circles. Open circles are β carbon-to-β carbon distances between 
corresponding positions of syntaxin 1A and VAMP2 in the four-helix bundle of the ternary 
SNARE complex. Open squares are distances calculated from the helical wheel model shown in 
B. B, a helical wheel model for the t-SNARE four-helix bundle. For syntaxins, the amino acids are 
placed at the appropriate positions in the helical wheels. The diameter of the wheel was 
considered as 7 Å. The distance between the centers of neighboring helices was approximated by 
14 Å based on the geometry of the crystal structure of the SNARE complex. 
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Figure 4.   First-derivative room temperature EPR spectra of t-SNARE for spin labels 
attached at the C-terminal region of syntaxin 1A. 
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CHAPTER 3: HEMIFUSION IN SNARE-MEDIATED MEMBRANE FUSION 
 
A paper published in Nature Structure & Molecular Biology, 2005, vol 12:417-22 
Yibin Xu1, Fan Zhang1, Zengliu Su, James A McNew and Yeon-Kyun Shin 
 
SUMMARY 
SNAREs are essential for intracellular membrane fusion. Using EPR, we determined the 
structure of the transmembrane domain (TMD) of the vesicle (v)-SNARE Snc2p involved in 
trafficking in yeast. Structural features of the TMD were used to design a v-SNARE mutant in 
which about half of the TMD was deleted. Liposomes containing this mutant induced outer leaflet 
mixing but not inner leaflet mixing when incubated with liposomes containing target membrane 
(t)-SNAREs. Hemifusion was also detected with wild-type SNAREs when low protein 
concentrations were reconstituted. Thus, these results show that SNARE-mediated fusion can 
transit through a hemifusion intermediate. 
 
 
1 These authors contributed equally to this work. 
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INTRODUCTION 
A wide variety of important life processes, including viral entry, fertilization and intracellular 
transport, depend on membrane fusion mediated by specialized proteins [1]. Progress in 
determining three-dimensional structures of several such proteins improved the understanding of 
how the proteins might bring about the apposition of two membranes [2-4]. However, the specific 
transitions that lipids experience as two membranes become merged into a single bilayer is still 
unclear [5]. 
It is generally believed that viral-cell membrane fusion for class I viruses proceeds through 
an intermediate called hemifusion [6] before the formation of a fusion pore. During hemifusion, 
two membranes are merged at the level of the outer phospholipid monolayer, while the inner 
monolayers retain their original integrity. Hemifusion has been identified for membrane fusion 
induced by modified class I viral fusion proteins including mutant influenza hemagglutinin [7-9], 
and it has been directly observed with model membranes [10]. 
In eukaryotic cells, all membrane fusion in the secretory pathway is mediated by SNARE 
proteins [11, 12], and the specific pairing of SNAREs between membranes is sufficient to drive 
membrane fusion in a minimal system [13, 14]. Although class I viral fusion proteins and 
SNAREs share structural similarity, some have suggested that intracellular membrane fusion 
might work differently. One proposed alternative is that formation of SNARE complex connects 
two preformed, complementary proteinaceous pores. In one case, the pore is predicted to be made 
of the TMDs of individual SNAREs [15], contrary to earlier hypothetical models proposing a 
hemifusion-like intermediate [16, 17], whereas other models invoke different pore-forming 
proteins [18]. The pore model predicts a protein-lined channel rather than lipidic intermediates [6] 
and therefore does not require hemifusion as a fusion intermediate because the pore is already 
established at the onset of membrane fusion. Contrary to this view, it has been shown that full 
fusion can still be achieved when the SNARE TMDs are replaced with a long lipid anchor [19]. 
Undoubtedly, TMDs of SNAREs are central components of the fusion machinery. To 
investigate the roles of SNARE TMDs in membrane fusion, we determined the structure of the 
TMD of the v-SNARE Snc2p involved in post-Golgi trafficking in yeast, using site-directed 
spin-labeling EPR [20]. The predicted structure was used to design a deletion mutant of Snc2p 
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that arrests the fusion process at hemifusion. Furthermore, careful analysis of fusion driven by 
wild-type SNAREs revealed a hemifusion intermediate at dilute protein concentrations. These 
results are in apparent disagreement with the protein pore-based models [15, 18], but are 
consistent with a hemifusion-based lipidic fusion pore model [5, 6]. 
 
RESULTS 
 
Site-directed spin-labeling EPR on v-SNARE Snc2p 
To investigate the transmembrane structure of yeast v-SNARE Snc2p, native residues were 
replaced one by one with cysteines derivatized with methanethiosulfonate spin label (MTSSL). 
The spin-labeling efficiency was >80% for all the mutants. Each spin-labeled mutant was 
independently reconstituted into donor phospholipid vesicles containing 
1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine (POPC), 
1,2-dioleoyl-sn-glycero-3-phosphatidylserine (DOPS), 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) 
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 
(rhodamine-PE) in the molar ratio of 72:25:1.5:1.5. The functionality of the spin-labeled Snc2p 
mutants was determined by in vitro fusion experiments with vesicles containing the t-SNARE 
complex Sso1pHT−Sec9c to monitor total lipid mixing [13, 14]. All mutants showed at least 60% 
of the fusion activity of wild-type Snc2p (Fig. 1a). 
Fourteen out of twenty mutants showed relatively narrow EPR spectra (Fig. 1b), typical of fully 
lipid-exposed nitroxides [21]. However, six mutants (V98C, I100C, L103C, I107C, P109C and 
V111C) exhibited noticeably broader spectral components (arrows in Fig. 1b), indicative of partial 
tertiary contacts [22], most likely with neighboring TMDs. The presence of two spectral 
components suggests that there is equilibrium between the monomer and the oligomers. In the 
helical wheel diagram (Fig. 1c), positions 100, 103, 107 and 111 are located on one side of the 
helix, suggesting that this may be an interacting face of the helix. We also observed an 
immobilized spectrum for positions 98 and 109, indicating some further interactions on the other 
side of the helix. 
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Transmembrane structure of v-SNARE Snc2p 
The EPR saturation method [23] was used to measure accessibility and characterize the 
structure of Snc2p in the membrane. We measured the accessibility of the nitroxide to a 
water-soluble paramagnetic reagent, nickel-ethylenediaminediacetic acid (NiEDDA) (WNiEDDA) 
(Fig. 2a), to estimate the extent of seclusion of the spin-labeled site from the aqueous phase. We 
also determined the accessibility to a nonpolar paramagnetic reagent, molecular oxygen (WO2) 
(Fig. 2a), to probe the immersion into the nonpolar membrane interior. 
The WNiEDDA values are low whereas the WO2 values are high, characteristic of nitroxides 
exposed to the lipid phase. The ratio of WO2 to WNiEDDA is quantitatively proportional to the 
immersion depth of spin label, and immersion depths were calculated from this ratio compared to 
a standard curve [23, 24] (Fig. 2b). Because the depth-to-ratio relationship holds only for fully 
lipid-exposed nitroxides [23], we excluded mutants V98C, I100C, L103C, I107C and V111C in 
this analysis. Additionally, we included the results for residues Gln83−Leu95 from the previously 
published work [25] to cover the full TMD. 
These results suggest that residues Gln83−Leu102 reside in the outer monolayer of the 
liposome membrane, whereas residues Leu103−Ser115 are embedded in the inner monolayer. As 
expected, we observed a break in the depth profile at Pros109. This analysis also revealed that the 
main helical segment (residues Met93−Val108) is tilted ~24° with respect to the membrane 
normal (Fig. 2c). 
 
Hemifusion in SNARE-mediated membrane fusion 
The EPR-based structural model of the Snc2p TMD guided us to design experiments to explore 
the roles of the TMD in membrane fusion. Previous work with lipid-anchored SNAREs suggests 
that the immersion depth of the hydrophobic anchor is an important determinant of membrane 
fusion [19], which is in accord with work using a transmembrane deletion mutant of HA [7]. 
To test this idea, we prepared the mutant Snc2pΔ1/2, which is truncated at residue 102 and does 
not contain amino acids 103−115. Since residue 102 is located in the middle of the bilayer (Fig. 
2b) this mutant is predicted to span only the outer leaflet. The Snc2pΔ1/2 mutant was reconstituted 
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into vesicles containing fluorescence dyes for the lipid mixing assay. Separate vesicles containing 
the t-SNARE heavy chain Sso1pHT were also prepared. When the two vesicle populations were 
mixed in the presence of soluble Sec9c, an increase in NBD fluorescence was observed indicating 
that lipid mixing had occurred (Fig. 3a, blue trace). Interestingly, the extent of the lipid mixing 
was about 35% of that observed for wild-type SNAREs (Fig. 3a, black trace). To show that lipid 
mixing was dependent on SNARE proteins, we omitted the t-SNARE light chain Sec9c since it is 
known that Sec9 is required for functional SNARE assembly [26]. When we mixed 
Snc2p-containing vesicles with Sso1pHT-containing vesicles in the absence of Sec9c, minimal 
lipid mixing was observed (Fig. 3a, red trace). 
Given that similar amounts of the Snc2pΔ1/2 mutant protein are reconstituted compared with 
wild type (Fig. 3a, inset), one possibility to explain the >50% reduction in lipid mixing with 
Snc2pΔ1/2 is hemifusion rather than full fusion. A hallmark of hemifusion is that the outer 
monolayer of the membrane (~50% of total membrane) merges while the inner monolayer 
remains intact and does not mix [6]. 
To directly measure inner leaflet mixing, we treated the Snc2p-reconstituted vesicles with 
sodium dithionite [27]. Under controlled conditions, sodium dithionite reduces the NBD attached 
to a lipid head group in the outer leaflet to a nonfluorescent derivative while leaving NBD in the 
inner leaflet largely unaffected (Fig. 3b). Lipid mixing, specific to the inner leaflet, can be 
measured with dithionite-treated donor vesicles. When we mixed dithionite treated wild type 
Snc2p vesicles with Sso1pHT vesicles in the presence of Sec9c, inner leaflet mixing was seen 
(Fig. 3c, black trace). In contrast, no lipid mixing was observed when we incubated 
dithionite-treated Snc2pΔ1/2 vesicles with vesicles from t-SNARE complex (Fig. 3c, blue trace), 
strongly suggesting that the inner leaflets of two membranes did not merge. Taken together, the 
results for Snc2pΔ1/2 are consistent with hemifusion. 
Notably, both Snc1p and Snc2p have a proline residue at the same location within the TMD. 
This proline is not conserved in other members of the v-SNARE family and is located in the inner 
layer of the membrane. To investigate the functional importance of amino acids following Pro109, 
we made a Snc2p mutant lacking amino acids 109−115. When examined with the total lipid 
mixing assay, the deletion mutant had fusion activity very similar to that of wild type, which was 
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~30% of the maximum fluorescence intensity (MFI) obtained by adding 0.25% 
n-dodecylmaltoside (Fig. 3d, black trace). Furthermore, inner leaflet mixing produced a 
fluorescence signal ~40% of the total lipid mixing (Fig. 3d, blue trace), strongly indicating that 
the region below Pro109 is not necessary for full fusion. 
 
Hemifusion for wild-type SNAREs 
Our results show that a deletion mutant of the v-SNARE Snc2p mediates hemifusion similarly 
to influenza HA deletion mutants [7]. Membrane fusion with influenza HA can be also trapped at 
hemifusion when the concentration of HA on the membrane surface is sufficiently low [28, 29]. If 
hemifusion is an intermediate in the fusion pathway for SNARE proteins, then we might be able 
to observe hemifusion with wild-type SNAREs when the surface concentration of SNAREs is also 
low. 
To test this hypothesis, we carried out the total lipid mixing assay and the inner leaflet lipid 
mixing assay at 200:1, 400:1 and 700:1 molar lipid/protein ratios (Fig. 4). For these experiments, 
we reconstituted SNAREs into vesicles that also contain phosphatidylethanolamine (PE), a lipid 
that is proposed to stabilize hemifusion owing to its preference for the negative membrane 
curvature [6]. At our normal 200:1 ratio, both assays showed the same mixing efficiency, 
indicating that all fusion events were at full fusion (Fig. 4c). However, at the lower protein levels, 
the mixing efficiency of the total lipid mixing assay was higher than that of the inner leaflet 
mixing assay, indicating that some fusion was limited to hemifusion, similar to the case with flu 
HA. At a 400:1 protein/lipid molar ratio, ~35% of the total lipid mixing signal was derived from 
hemifusion (the ratio of total lipid mixing versus inner leaflet mixing), whereas, at 700:1, ~75% of 
the total lipid mixing signal was derived from hemifusion. These results suggest that hemifusion 
could be an intermediate for SNARE-induced membrane fusion (Fig. 4c). In control experiments, 
when we mixed Snc2p-containing vesicles with Sso1pHT-containing vesicles without Sec9c, 
minimal lipid mixing was observed for all three lipid/protein ratios (red traces in Fig. 4a,b). 
Another control in the absence of all three SNARE proteins showed a nearly identical background 
to the control without Sec9c (Supplementary Fig. 1). However, we could not trap hemifusion 
when we used the usual POPC/DOPS (75/25) vesicles even at the 700:1 lipid/protein ratio. 
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DISCUSSION 
The observation of hemifusion for SNARE-mediated membrane fusion seems inconsistent with 
a mechanistic model based on a gap junction-like protein pore [15]. Although our results support a 
role for the TMD of the SNARE proteins in membrane fusion, this role is unlikely to be 
exclusively as a protein pore. If the protein pore model were valid, the protein-lined pore would 
have to be resealed to create hemifusion before advancing to a larger pore, which is quite unlikely 
although not impossible. Furthermore, the fact that full fusion can be achieved without a 
proteinaceous transmembrane domain in vitro [19] and in vivo [17] directly contradicts a protein 
pore model. 
The experimental evidence for the protein pore is the electrophysiological observation of the 
conductance for the t-SNARE-containing membrane [15]. In this model, it is postulated that 
v-SNARE might form a similar pore in the membrane. For yeast v-SNARE Snc2p, we observed 
immobilized spectra or some tertiary interactions at six different positions, indicating that the 
TMD has a tendency to form oligomers. However, for all positions, WNiEDDA values are low, 
whereas WO2 values are quite high, strongly suggesting that they are partially or fully exposed to 
the lipid phase. Therefore, it is unlikely that the Snc2p TMD forms an aqueous pore in the 
membrane, although we cannot rule out the possibility that a small fraction of Snc2p molecules 
form protein pores. Furthermore, the addition of nitroxide spin labels throughout the TMD only 
modestly affected the fusion activities of spin-labeled mutants (Fig. 1a). These data indicate either 
that a TMD-lined pore does not exist, or that bulky nitroxide spin labels do not affect its function. 
In SNARE-induced membrane fusion, coiled-coil formation has been postulated to be a key 
step that generates the necessary force to overcome the fusion energy barriers [30, 31]. The core 
complex has been shown to be structurally coupled to the membranes [32, 33]. The structural 
coupling between the coiled coil and the TMDs would facilitate force transfer to the TMDs, which 
would then promote the merger of the outer leaflets (hemifusion) and, subsequently, the merger of 
the inner leaflets (full fusion). For the Snc2pΔ1/2 mutant, which can only span the outer leaflet, 
energy would not be effectively transferred to the inner leaflet, leading to hemifusion but not full 
fusion. 
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A previous study examined the fusion activities of several flu HA mutants for which the TMD 
was systematically deleted [7，9], and also observed hemifusion for HA mutants that had the short 
membrane domain. For mutants with a longer membrane domain, however, full fusion was 
detected. Those results agree well with our results with SNAREs, supporting the idea that 
hemifusion might be a common intermediate along the fusion pathways. 
For flu HA, another previous study proposed the "boomerang mechanism" [34], in which the 
fusion peptide-TMD interaction is a key component. In this model, it is hypothesized that a fusion 
peptide-TMD interaction provides the driving force for the deformation of the membrane required 
for the advancement from hemifusion to the fusion pore. It is unclear, however, whether such a 
mechanism is operative for SNARE-induced membrane fusion. It is possible that the TMD of the 
v-SNARE interacts with the TMD of the t-SNARE, which might facilitate the completion of 
fusion in a similar fashion. A v-SNARE mutant with a sufficiently short TMD would certainly 
lose its ability to fully interact with the TMD of the t-SNARE. It is also conceivable that the short 
membrane domain of Snc2pΔ1/2 acts like a fusion peptide. The short hydrophobic membrane 
domain of Snc2pΔ1/2 may be mobile in the plane of the membrane; this could disturb the surface 
structure of the membrane sufficiently enough to induce hemifusion. 
In summary, we have identified hemifusion for SNARE-induced membrane fusion, raising the 
possibility that hemifusion be a common intermediate for all membrane fusion events. 
 
MATERIALS AND METHODS 
 
Protein sample preparation. 
Plasmid construction, mutagenesis, protein expression, purification and spin labeling for 
yeast SNAREs have been described [25]. Briefly, v-SNARE Snc2p (amino acids 1−115, neuronal 
synaptobrevin analog) and a truncated version of t-SNARE Sso1p (neuronal syntaxin analog) 
Sso1pHT (amino acids 185−290), for which the N-terminal α-helical Habc domain was deleted, 
were expressed as N-terminal glutathione S-transferase (GST) fusion proteins. The other 
t-SNARE component, Sec9c (amino acids 401−651 of Sec9, neuronal SNAP-25 analog), was 
expressed as C-terminal His6-tagged protein. To place a unique cysteine for spin labeling, native 
 
55 
Cys266 of Sso1pHT and Cys94 of Snc2p were replaced with alanines. The QuikChange 
mutagenesis kit (Stratagene) was used to generate point mutants. The truncated versions of Snc2p 
lacking parts of TMD were generated by introducing a stop codon at desired positions. DNA 
sequences were confirmed by the Iowa State University DNA Sequencing Facility. 
Recombinant proteins were expressed in Escherichia coli Rosetta (DE3) pLysS (Novagen). 
The His6-tagged protein Sec9c was purified by Ni-NTA agarose beads (Qiagen). After binding and 
washing, the protein was eluted by elution buffer (PBS with 250 mM imidazole, pH 8.0). GST 
fusion proteins were purified by affinity chromatography using glutathione-agarose beads 
(Sigma). 
Cysteine mutants of Snc2p were spin-labeled while the protein was still bound to beads. A 
~20-fold molar excess of (1-oxyl-2,2,5,5-tetramethylpyrrolinyl-3-methyl) methanethiosulfonate 
spin label (MTSSL) was added to the column, and the reaction mixture was left overnight at 4 °C. 
Unreacted MTSSL was removed by washing with excess PBS buffer, pH 7.4, containing 0.2% 
(v/v) Triton X-100. The protein was cleaved by thrombin in cleavage buffer (50 mM Tris-HCl, 
150 mM NaCl, 2.5 mM CaCl2, pH 8.0, 0.2% (v/v) Triton X-100). Purified proteins were examined 
by SDS-PAGE (data not shown) and the purity was at least 90% for all proteins. The spin-labeling 
efficiency was estimated by comparing the protein concentration obtained from the Bio-Rad DC 
protein assay and the spin concentration determined with EPR. 
 
Membrane reconstitution. 
The mixture of POPC, DOPS (molar ratio of 75:25) or DOPC/DOPS/DOPE (molar ratio of 
35:35:30) in chloroform was dried in vacuum and was resuspended in a buffer (50 mM Tris-HCl, 
150 mM NaCl, 2.5 mM CaCl2, pH 8.0) to make the total lipid concentration ~100 mM. Large 
unilamellar vesicles (100 nm in diameter) were prepared using Extruder (Avanti Polar Lipids). 
Proteins were then mixed with vesicles at a desired protein/lipid molar ratio. The detergent in the 
samples was removed by the Bio-beads method. The samples were treated with Bio-beads SM2 
(Bio-Rad). Bio-beads were first washed extensively with deionized water. After washing, water 
was decanted from Bio-beads as much as possible after centrifugation. Bio-beads were then 
directly added to the sample in the ratio of 200 mg per milliliter of mixed solution. After 30 min 
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of nutation, Bio-beads were removed from the sample by removing the solution using a pipette 
after centrifugation at 5,000g. The same procedure was repeated three times. The samples were 
then dialyzed against 2 l dialysis buffer (25 mM HEPES, 100 mM KCl, pH 7.4) at 4 °C overnight 
to remove any trace amount of detergent that might interfere with the fluorescence measurement. 
After dialysis, the solution was centrifuged at 10,000g to remove protein and lipid aggregates. 
Reconstitution efficiency was estimated by determining the protein concentrations before and 
after reconstitution with EPR. For all samples, the efficiency was ~60%. The reconstituted 
vesicles were examined with negative-staining EM as described [25] and the average size was 
~100 nm (data not shown). 
 
EPR data collection and accessibility measurements. 
A Bruker ESP 300 EPR spectrometer equipped with a loop-gap resonator was used to obtain 
the EPR spectra. The details of data collection and analysis have been described [35, 36]. Briefly, 
power saturation curves were obtained from the peak-to-peak amplitude of the central line (M = 0) 
of the first derivative EPR spectrum as a function of incident microwave power in the range 
0.1−40 mW. For each mutant, three power saturation curves were obtained after equilibration: (i) 
with N2, (ii) with air (O2), and (iii) with N2 in the presence of 200 mM NiEDDA. From saturation 
curves, the microwave power P1/2, where the first-derivative amplitude is reduced to one-half of 
its unsaturated value, was calculated. The quantity ΔP1/2 is the difference in P1/2 values in the 
presence and absence of a paramagnetic reagent. ΔP1/2 (in units of mW) is considered to be 
equivalent to the accessibility, W. EPR saturation experiments were done at 22 °C. 
 
Total lipid mixing fluorescence assay. 
To assay the total lipid mixing using fluorescence, Snc2p was reconstituted into the donor 
vesicles containing POPC, DOPS, NBD-PE and rhodamin-PE in the molar ratio of 72:25:1.5:1.5. 
SSo1pHT was reconstituted into separate vesicles containing POPC and DOPS in the molar ratio 
75:25. To measure the lipid mixing, Snc2p-reconstituted vesicles were mixed with Sec9c and 
Sso1pHT-reconstituted vesicles according to the aimed ratio. The final solution contained ~1 mM 
lipids. Fluorescence was measured at excitation and emission wavelengths of 465 and 530 nm, 
 
57 
respectively. Fluorescence changes were recorded with a Varian Cary Eclipse model fluorescence 
spectrophotometer using a quartz cell of 100 μl with a 2-mm path length. The MFI was obtained 
by adding 0.25% (v/v) n-dodecylmaltoside [19]. All lipid mixing experiments were carried out at 
35 °C. 
 
Inner layer lipid mixing assay. 
The inner layer lipid mixing assay was modified from a described method [29]. The donor 
vesicles with fluorescence probes exclusively in the inner layer were prepared before the lipid 
mixing assay. The method is based on the fact that the sodium dithionite reacts more rapidly with 
NBDs in the outer leaflet than those in the inner leaflet. By controlling the time and amount of 
dithionite, the reaction could be largely limited to the outer leaflet. Small aliquots of 200 mM 
sodium dithionite in 50 mM Tris buffer, pH 10, sufficient to reduce slightly more than 50% of 
NBD-PE, were added to the Snc2p-reconsitituted vesicles. The reaction was monitored at room 
temperature by scanning the fluorescence signal for 15 min from 500 to 700 nm with excitation at 
460 nm. These vesicles without NBDs in the outer leaflet were subject to the lipid mixing assay 
described above. 
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Figure 1. Site-directed spin labeling and the EPR analysis of Snc2p. 
(a) Fusion activity of spin-labeled Snc2p mutants measured by an in vitro fusion assay [14]. The 
fusion activity of each mutant was normalized against that of the wild type. The reconstitution 
efficiency, determined by EPR [24], was nearly the same for all mutants (~60%). The fusion assay 
for every mutant was repeated three times. (b) Room temperature EPR spectra of the spin-labeled 
Snc2p mutants. The arrow indicates the broad component, suggestive of the tertiary interactions. 
(c) Helical wheel diagram of the Snc2p TMD. Positions 100, 103, 107 and 111, which show the 
tertiary interactions on one side of the helix are red and 98 and 109, which show the interactions 
on the other side of the helix, are yellow. We also noticed some weak tertiary interactions (asterisk 
in b) at positions 97 and 99. 
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Figure 2. Structural determination of the Snc2p TMD using EPR. 
(a) Accessibility parameters WO2 and WNiEDDA. Typical WNiEDDA and WO2 values for the fully 
lipid-exposed residues are around 2 and 12 mW, respectively. (b) Membrane immersion depths. 
Residues 98, 100, 103 and 107 were not included in the analysis. Pro109 is circled and 
highlighted red. (c) A structural model. The head group region of the bilayer is blue. The structure 
preceding position 96 was adopted from previous work [24, 25]. Residues 93−108 (purple) are in 
the acyl chain region. Residues following Pro109 were modeled as a short α-helix. Amino acids 
93−108 span ~22 Å (1.37 Å per residue on average), which is equivalent to a 24° tilt, assuming 
1.5 Å per residue for a straight α-helix. 
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Figure 3. Total and inner leaflet lipid mixing for Snc2p and its mutants. 
(a) Total lipid mixing assay. Fluorescence intensities are plotted versus time for experiments in 
which wild-type Snc2p was used (black) and Snc2pΔ1/2 was used as v-SNARE (blue). The red 
line is a control in the absence of Sec9c. The maximal fluorescence intensity (MFI) was obtained 
by adding 0.25% n-dodecylmaltoside (sudden jumps at the ends) [14]. The percent values of MFI 
for Snc2p and Snc2pΔ1/2 are approximately 31% and 12%, respectively. Inset, the reconstitution 
efficiency was estimated using the SDS-PAGE analysis; wild-type Snc2p before (lane 1) and after 
reconstitution (lane 2), and Snc2pΔ1/2 before (lane 3) and after reconstitution (lane 4). The 
reconstitution efficiencies measured by densitometry were 60% for the wild type and 64% for the 
mutant. The Snc2pΔ1/2 bands seemed weaker owing to poorer staining than for the wild type, 
although the same amounts were used for lanes 1 and 3. (b) Reduction of NBD-PE by dithionite. 
The reduction of NBD-PE in donor vesicles by dithionite was measured as a loss of FRET 
between NBD and rhodamine (excitation at 460 nm and detection at 590 nm). Inset, florescence 
spectra before (black) and after dithionite treatment (red). (c) Inner leaflet mixing assay. 
Comparison of the inner leaflet mixing when Snc2p is used as v-SNARE (black) with that when 
Snc2pΔ1/2 was used (blue). The red line is the control in the absence of Sec9c. The percent values 
of MFI were about 28% for Snc2p and 3% for Snc2pΔ1/2, respectively. The red line is a control in 
the absence of Sec9c when Snc2pΔ1/2 was used, which shows ~3% of MFI. (d) Total lipid (black) 
and inner leaflet (blue) mixing assays for the Snc2p mutant lacking residues 109−115 
(Snc2pΔ109−115). The percent of MFI was ~30% for both assays. The molar lipid/protein ratio 
was 200:1 for all experiments. 
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Figure 4. Total and inner leaflet lipid mixing assays at low protein concentrations. 
(a) Total lipid mixing assay for the 700:1 molar lipid/protein ratio (blue line). Both v-SNARE and 
t-SNARE are reconstituted to the vesicles containing DOPC, DOPS and DOPE (molar ratio of 
0.35:0.35:0.3). The red line is the control without Sec9c. (b) Inner leaflet mixing assay for the 
700:1 lipid/protein ratio (blue line). The red line is the control without Sec9c. (c) The mixing 
efficiency (the percent of MFI) as a function of the lipid/protein ratio. The bars represent the 
fluorescence intensity change at 2,500 s. As controls, the fluorescence changes were measured in 
the absence of Sec9c. The controls, which were not the direct consequence of membrane fusion, 
were subtracted from the data in the analysis to calculate the percent of MFI. The error bars are 
s.d. of at least three independent measurements. 
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Supplementary Figure 
Lipid mixing assay for the SNARE free PE-containing vesicles. Vesicles containing DOPC, 
DOPS, and DOPE (molar ratio of 0.35:0.35:0.3) were mixed with the vesicles of the same 
composition but with 1.5% each NBD-PE and Rhodamin-PE. Experimental conditions were 
identical with those in Figure 4. 
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CHAPTER 4: MEMBRANE FUSION INDUCED BY NEURONAL SNARES TRANSITS 
THROUGH HEMIFUSION 
 
A paper published in Journal of Biological Chemistry, 2005, vol 280:30538-41 
Xiaobing Lu1, Fan Zhang1, James A. McNew, and Yeon-Kyun Shin 
 
SUMMARY 
Synaptic transmission requires the controlled release of neurotransmitter from synaptic 
vesicles by membrane fusion with the presynaptic plasma membrane. SNAREs are the core 
constituents of the protein machinery responsible for synaptic membrane fusion. The mechanism 
by which SNAREs drive membrane fusion is thought to involve a hemifusion intermediate, a 
condition in which the outer leaflets of two bilayers are combined and the inner leaflets remain 
intact; however, hemifusion has been observed only as an end point rather than as an intermediate. 
Here, we examined the kinetics of membrane fusion of liposomes mediated by recombinant 
neuronal SNAREs using fluorescence assays that monitor both total lipid mixing and inner leaflet 
mixing. Our results demonstrate that hemifusion is dominant at the early stage of the fusion 
reaction. Over time, hemifusion transitioned to complete fusion, showing that hemifusion is a true 
intermediate. We also show that hemifusion intermediates can be trapped, likely as unproductive 
outcomes, by modulating the surface concentration of the SNARE proteins. 
 
 
1 These authors contributed equally to this work.
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INTRODUCTION 
In the neuron, SNARE assembly plays a critical role in promoting the fusion of the synaptic 
vesicles with the plasma membrane [1-7]. Cognate SNAREs pair to form a coiled coil structure 
that bridges two membranes [8, 9]. The subsequent steps yielding one common phospholipid 
bilayer remain a matter of debate. It has been proposed that SNAREs involved in neurotransmitter 
release at synapses may promote membrane fusion by the formation of two juxtaposed 
transmembrane pores preassembled by the transmembrane domains of SNAREs in respective 
membranes [10]. In sharp contrast, recent evidence for SNAREs involved in trafficking in yeast 
has indicated that hemifusion might be involved in the SNARE fusion pathway [11, 12], 
analogous to the lipid-protein stalk model generally accepted for viral membrane fusion proteins 
[13-17]. However, hemifusion has been observed only as an outcome rather than as an 
intermediate, raising some concerns as to whether hemifusion is an off-pathway product in 
SNARE-mediated membrane fusion [13]. Alternatively, the mechanism by which neuronal 
SNAREs induce membrane fusion might be entirely different from those for other systems 
including yeast SNAREs. 
In this work, we examined the kinetics of membrane fusion of liposomes mediated by 
neuronal SNAREs syntaxin 1A, SNAP-25, and synaptobrevin using fluorescence assays [18] that 
monitored both total lipid mixing and inner leaflet mixing. Our results demonstrate that 
hemifusion is the main event at the early stage of the fusion reaction. Over time, hemifusion 
converts to the complete fusion, supporting strongly the theory that hemifusion is a true fusion 
intermediate. 
 
RESULTS AND DISCUSSION 
We investigated the fusion of liposomes induced by neuronal SNAREs with a well 
characterized fluorescence lipid mixing assay. Recombinant t-SNARE complexes containing the 
H3 "core" domain of syntaxin 1A as the t-SNARE heavy chain and SNAP-25 as the t-SNARE 
light chain were reconstituted into the liposomes containing POPC (65 mol)/DOPS (35 mol) (Fig. 
1A). Additionally, the v-SNARE synaptobrevin was also reconstituted into a separate population of 
the same POPC/DOPS liposomes containing fluorescent lipids, NBD-PS, and rhodamine-PE (1.5 
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mol % each). For both t- and v-SNAREs, the initial lipid/protein ratio was set at 50:1 (Fig. 1B). 
When the t-SNARE liposomes were mixed with the v-SNARE liposomes at 35 °C, an increase of 
the fluorescence intensity was observed, indicating that the fusion occurred (Fig. 2A, red trace). 
Although both v- and t-SNAREs have roughly equal surface density, the absolute amount of 
t-SNARE liposomes in the cuvette was about 10 times greater than the v-SNARE liposomes. 
These amounts of protein and lipid were used to better ensure first order kinetics. Following an 
initial rapid rise, the fluorescence signal approached a plateau of roughly 40% of maximum (Fig.
2A
 
). The half-time of the fusion reaction was ~9 ± 1 min (mean ± S.D.) (~540 ± 60 s), consistent 
with the previous reported half-time of 10 min with a similarly truncated syntaxin 1A [19]. 
Because the fluorescent lipids were distributed equally in the inner leaflet and the outer 
leaflet, the observed total lipid mixing should be the sum of outer leaflet mixing and inner leaflet 
mixing. To selectively measure inner leaflet mixing separately, we treated the v-SNARE 
liposomes with sodium dithionite. Under controlled conditions, sodium dithionite reduces NBD 
attached to the lipid head group in the outer leaflet to a nonfluorescent derivative while leaving 
NBD in the inner leaflet largely unaffected. When we mixed the dithionite-treated v-SNARE 
liposomes with the t-SNARE liposomes, inner leaflet mixing was observed (Fig. 2A , blue trace). 
The extent of the NBD reduction did not affect the kinetics of inner leaflet mixing (supplemental 
information). Interestingly, the half-time of inner leaflet mixing was ~20  ± 2 min (~1,200 ± 120 
s), which was about twice the half-time of total lipid mixing. The kinetic difference in the 
half-times of the two processes suggests that outer leaflet mixing and inner leaflet mixing were not 
simultaneous but sequential in time. These results suggest that outer leaflet mixing likely occurred 
faster than inner leaflet mixing. 
Because we collected the time traces of total lipid mixing and inner leaflet mixing separately, 
it was straightforward to calculate the percentage of hemifusion (defined as 2(PT - PI)/[2(PT - PI) + 
PI] × 100, where PT is the percentage of maximum for total lipid mixing and PI is the percentage 
of maximum for inner leaflet mixing (Fig. 2A) as a function of time. As expected, at the beginning 
of the fusion reaction, the fluorescence change was mainly due to outer leaflet mixing (Fig. 2B), 
indicating that hemifusion was the dominant event. As time progressed, however, the percentage 
of hemifusion decreased dramatically. Hemifusion was about 90% at 1 min and was extrapolated 
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to be nearly 100% at the start of the reaction. The percentage steadily declined to roughly 20% at 
40 min (Fig. 2B) and asymptotically approached 12% at 150 min. It should be noted that these 
estimates are from the ensemble of ~7 × 1011 liposomes in the reaction and that each individual 
event is likely to be very fast [18, 19]. These results provide strong kinetic evidence for the 
conversion of hemifusion to complete fusion over time and therefore for the sequential mechanism 
in which hemifusion is an on-pathway intermediate (Fig. 2C). 
We analyzed outer and inner leaflet mixing separately on the basis of the sequential 
mechanism (Fig. 2C). For this purpose, net outer leaflet mixing was obtained by subtracting the 
kinetics of inner leaflet mixing from that of total lipid mixing (Fig. 2E ). The time trace of outer 
leaflet mixing fitted well to a simple exponential function representing the first order kinetics with 
the first order rate constant k1 = 1.5 × 10-3 s-1 (Fig. 2E ). The kinetics of inner leaflet mixing was 
analyzed with the first order kinetics theory for the sequential mechanism depicted in Fig. 2C [20]. 
The theory fitted the data very well with first order rate constant k2 = 3.7 × 10-3 s-1 and the 
backward rate constant k-1 = 6.3 × 10-3 s-1. It is quite interesting to find that k-1 is almost twice as 
big as k2. Thus, once hemifusion is formed it is twice as likely to go back to the two separate 
liposomes than to advance toward the complete fusion. 
One might argue that these results are equally consistent with a parallel mechanism as well 
(Fig. 2D). In this alternative mechanism, hemifusion is an off-pathway product in equilibrium with 
the unfused liposomes. However, the data argue against the parallel mechanism. At the beginning 
of the reaction, the fusion events were almost exclusively hemifusion (Fig. 2B), which is a clear 
indicator for a sequential mechanism. Thus, the results favor the sequential mechanism and 
establish that SNARE-mediated membrane fusion transitions through hemifusion. 
Work with viral fusion proteins as well as SNARE proteins has suggested that the surface 
protein density of the fusion proteins may be an important parameter that determines the outcome 
of the fusion events [12, 21]. To gain further insight into the role of the protein surface density, we 
reduced the input L/P ratios to 100:1 and 200:1, from the original 50:1. Liposomes generated with 
a 100:1 L/P ratio yielded results that were qualitatively similar to those for the previous 50:1 L/P 
ratio (Fig. 3, A and B ), although the overall fusion efficiency was lower and the conversion from 
hemifusion to complete fusion was slower. With this surface density, ~45% of full fusion occurred 
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during the 75-min reaction. However, at the L/P ratio of 200:1 we did not observe the 
time-dependent shift from hemifusion to complete fusion (Fig. 3, C and D). This result suggests 
that the majority (>60%) of hemifusion intermediate remained without transitioning to complete 
fusion. Thus, the surface density of SNARE proteins is indeed a determining factor for the 
outcome of SNARE-induced membrane fusion. 
In summary, we have shown that membrane fusion induced by neuronal SNAREs transitions from 
hemifusion to complete fusion in a kinetically resolvable manner, establishing that hemifusion is a 
true intermediate along the SNARE-induced membrane fusion pathway. We also have shown that, 
under low surface protein density, hemifusion can be trapped as an outcome of SNARE-induced 
membrane fusion. 
 
MATERIALS AND METHODS 
 
Protein Sample Preparation 
Plasmid construction, protein expression, and purification for neuronal SNAREs were 
described elsewhere [22]. Briefly, vesicle-associated (v-) SNARE synaptobrevin (amino acids 
1–116) and a truncated version of target membrane (t-) SNARE syntaxin (amino acids 168–288), 
for which the N-terminal α-helical Habc domain was deleted, were expressed as N-terminal 
glutathione S-transferase fusion proteins. Another t-SNARE, SNAP-25, was also expressed as a 
glutathione S-transferase fusion protein in which the four cysteines were replaced with alanines. 
Recombinant proteins were expressed in Escherichia coli Rosetta (DE3) pLysS (Novagene). 
Glutathione S-transferase fusion proteins were purified by affinity chromatography using 
glutathione-agarose beads (Sigma). The protein was cleaved by thrombin in cleavage buffer (50 
mM Tris-HCl, 150 mM NaCl, pH 8.0). We added 1% OG for syntaxin and synaptobrevin). 
Purified proteins were examined with 15% SDSPAGE, and the purity was at least 90% for all of 
the proteins (data not shown). 
 
Membrane Reconstitution 
The mixture of POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine) and DOPS 
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(1,2-dioleoyl-sn-glycero-3-phosphatidylserine) (molar ratio of 65:35) in chloroform was dried in a 
vacuum and was resuspended in a buffer (50 mM Tris-HCl, 150 Mm NaCl, pH 8.0) to make the 
total lipid concentration about 50 mM. Protein-free large unilamellar liposomes (~100 nm in 
diameter) were prepared by extrusion through polycarbonate filters (Avanti Polar Lipids). 
Syntaxin (480 μl, 21 μM) and SNAP-25 (630 μl, 16 μM) were mixed at room temperature for 
about 60 min to allow the formation of t-SNAREs. The preformed t-SNAREs were concentrated 
down to 90 μl using a 5-kDa cutoff centrifugal filter (Millipore) and were mixed with 10 μl of 
liposomes for about 15 min at room temperature, resulting in a 50:1 lipid/protein molar ratio. The 
fluorescent liposomes containing POPC, DOPS, NBD-PS 
(1,2-dioleoyl-sn-glycero-3-phosphoserine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)), and 
rhodamine-PE (1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B 
sulfonyl)) in the molar ratio of 62:35:1.5:1.5 were prepared following the procedure described 
above, and the final lipid concentration was ~10 mM. Synaptobrevin (80 μl, 50 μM) was mixed 
with 20 μl of fluorescent liposomes for about 15 min at room temperature. The liposome/protein 
mixture was diluted two times, which makes the concentration of OG below the critical micelle 
concentration. After dialyzing against 2 liters of dialysis buffer (25 mM HEPES, 100 mM KCl, 
5% (w/v) glycerin, pH 7.4) at 4 °C overnight to remove detergent, the sample was treated with 
Bio-Beads (Bio-Rad) to get rid of any remaining trace amount of detergent. The solution was then 
centrifuged at 10,000 g to remove protein and lipid aggregates. The final t-SNAREs liposome 
solution contained ~2.5 mM lipids and 1.9 mg/ml protein, and the v-SNARE liposome solution 
contained ~1 mM lipids and 0.25 mg/ml protein. The integrity and size of SNARE-reconstituted 
liposomes were examined with negative staining electron microscopy. The sample was stained 
with 1% phosphotungstic acid, pH 6.7, after the liposome sample was spread on the 200-mesh 
Formvar with the carbon-coated grids. The micrograph was taken on a JEOL 1200 EX electron 
microscope. 
The reconstitution efficiency was determined using SDS-PAGE and visualized by Coomassie 
Blue staining. The amount of protein in liposomes was estimated by comparing the band in the gel 
with that of the same protein of known concentration. The reconstitution efficiency was more than 
90% for both t- and v-SNAREs (Fig. 1B). The orientation of the SNAREs in the liposomes was 
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examined with the trypsin digestion experiments [22]. The SNAREs-reconstituted vesicles were 
treated with trypsin (0.5 mg/ml) under room temperature for 1 h. Nearly all SNARE proteins were 
digested by trypsin, indicating that SNARE molecules are oriented inside out, exposing the 
soluble domain to the solution phase (Fig. 1B). 
 
Total Lipid Mixing Fluorescence Assay 
To measure the lipid mixing, v-SNARE liposomes were mixed with t-SNARE liposomes in 
the ratio of 1:9. The final solution contained ~1 mM lipids with a total volume of 100 μl. 
Fluorescence was measured at excitation and emission wavelengths of 465 and 530 nm, 
respectively. Fluorescence changes were recorded with a Varian Cary Eclipse model fluorescence 
spectrophotometer using a quartz cell of 100 μl with a 2-mm path length. The maximum 
fluorescence intensity (MFI) was obtained by adding 0.2% n-dodecylmaltoside. All of the lipid 
mixing experiments were carried out at 35 °C. For each lipid/protein (L/P) ratio, the experiments 
were performed at least three times with newly prepared samples. To make sure that the 
percentage of MFI was independent of the probe concentrations, we measured the total lipid 
mixing at 1.5 and 0.7 mol % NBD-PS while keeping the rhodamine-PE concentration at 1.5 mol 
%. We found that the percentages of MFI were identical for both NBD-PS concentrations 
(supplemental information).  
 
Inner Leaflet Mixing Assay 
The inner leaflet mixing assay was modified from the method developed by Meers et al. [23]. 
The method is based on the fact that sodium dithionite reacts more rapidly with NBDs in the outer 
leaflet than those in the inner leaflet. By controlling the time and amount of dithionite, the 
reaction can be limited to the outer leaflet. Small aliquots (~0.7 μl) of 100 mM sodium dithionite 
in 50 mM Tris buffer, pH 10, were added to the v-SNARE liposomes (100 μl, 0.2 mM lipid) until 
a desired reduction of NBD was achieved. The reaction was monitored at room temperature by 
scanning the fluorescence signal for 15 min from 500 to 700 nm with the excitation at 460 nm. 
Typically, in 10 min the reduction was complete, and no more change of the spectrum was 
observed. The liposomes without NBDs in the outer leaflets were subjected to the lipid mixing 
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assay described above. To make sure that the percentage of MFI was independent of the extent of 
the NBD reduction, the inner leaflet mixing assay was performed at the 55 and 65% reduced 
conditions. We found that the percentages of MFI were identical for both conditions 
(supplemental information). 
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Figure 1. Characterization of reconstituted proteins and liposomes.  
A, electron micrograph of SNARE-reconstituted liposomes. The diameter of the vesicles was 
~80-100 nm. B, SDS-PAGE of v-SNARE synaptobrevin before (lane 1) and after (lane 2) the 
reconstitution into liposomes. The reconstitution efficiency was ~90%. Lane 3 represents the 
sample after treating with trypsin. The high molecular weight band was from trypsin itself. C, 
SDS-PAGE of SNAREs after reconstitution into liposomes at different P/L ratios. 
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Figure 2. Fluorescence assay for total lipid mixing and inner leaflet mixing.  
A, fluorescence changes for total lipid mixing (red traces) and inner leaflet mixing (blue traces), 
normalized with respect to the MFI, are shown for the L/P ratio of 50:1. MFI was obtained by 
adding 0.2% n-dodecylmaltoside (sudden increase at the end). The black trace is a control run 
with the t-SNARE liposomes reconstituted with syntaxin 1A only (without SNAP-25). Inset, 
residual fluorescence changes for total lipid and inner leaflet mixing recorded at the longer period 
of time (8,500-9,100 s); the former was 43%, and the latter was 40%. B, the percentage of 
hemifusion versus time. The percentage of hemifusion was calculated using the equation 2(PT - 
PI)/[2(PT - PI) + PI] × 100, where PT is the percentage of maximum for total lipid mixing and PI is 
the percentage of maximum for inner leaflet mixing. C, a schematic diagram for the sequential 
mechanism in which hemifusion is an on-pathway intermediate. k1, first order constant for time 
trace of outer leaflet mixing; k-1, backward rate constant; k2, first order constant for time trace of 
inner leaflet mixing. D, a schematic diagram for the parallel mechanism in which hemifusion is an 
off-pathway product. E, analysis of outer and inner leaflet mixing based on the sequential 
mechanism in C and the first order kinetics. The solid lines are the best fits to the first order 
kinetics. The data were fitted with the program DYNAFIT [20]. 
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Figure 3. Fluorescence assays for total lipid mixing and inner leaflet mixing at different L/P 
ratios. 
A and B, ratio = 100:1; C and D, ratio = 200:1. Fluorescence changes for total lipid mixing (red 
traces) and inner leaflet mixing (blue traces) were normalized with respect to the MFI. The black 
trace is the control with the t-SNARE liposomes reconstituted with syntaxin 1A only (without 
SNAP-25). 
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Supplementary figure 
A, Total lipid mixing assay with different amounts of NBD -PS in the v-SNARE liposomes. The 
red line is for 1.5 mole % NBD-PS and blue one for 0.7 mole % NBD-PS. In both cases, 
Rhodamin-PE remained at 1.5 mole %. The two time traces overlap very well one another, 
indicating that the fusion kinetics is not affected by the amount of NBD-PS which uniformly 
distributed over the outer and inner leaflet of the liposome. B, Lipid mixing assays with different 
extents of dithionite reduction. The blue trace was with 55 % reduction of NBD-PS and the pink 
trace was for 65 % reduction. The red trace which is total lipid mixing without dithionite 
treatment is shown as a reference. The results indicate that the kinetics of inner leaflet mixing is 
largely unaffected by the reduction extent. The inset shows the raw data. 
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CHAPTER 5: MULTIPLE INTERMEDIATES IN SNARE-INDUCED MEMBRANE 
FUSION 
 
A paper which has been accepted by Proc. Natl. Acad. Sci. USA 
Tae-Young Yoon1, Burak Okumus1, Fan Zhang1, Yeon-Kyun Shin, and Taekjip Ha 
 
SUMMARY 
Membrane fusion in eukaryotic cells is thought to be mediated by a highly conserved family 
of proteins called SNAREs. The vesicle associated v-SNARE engages with its partner t-SNAREs 
on the target membrane to form a coiled coil that bridges two membranes and facilitates fusion. 
As demonstrated by recent findings on the hemifusion state, identifying intermediates of 
membrane fusion can help unveil the underlying fusion mechanism. Observation of 
SNARE-driven fusion at the single-liposome level has the potential to dissect and characterize 
fusion intermediates most directly. Here we report on the real-time observation of lipid-mixing 
dynamics in a single fusion event between a pair of SNARE-reconstituted liposomes. The assay 
reveals multiple intermediate states characterized by discrete values of fluorescence resonance 
energy transfer (FRET) between membrane-bound fluorophores. Hemifusion, flickering of fusion 
pores, and kinetic transitions between intermediates, which would be very difficult to detect in 
ensemble assays, are now identified. The ability to monitor the time course of fusion events 
between two proteoliposomes should be useful for addressing many important issues in 
SNARE-mediated membrane fusion. 
 
 
1 These authors contributed equally to this work.
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INTRODUCTION 
Single-liposome fluorescence imaging (1-5) is a powerful method for observing and 
dissecting the fusion dynamics of biological membranes (6-8). Because it can follow directly the 
time course of a single reaction without the need for synchronization, the single-liposome 
approach has the potential to clarify important issues that spatiotemporal averaging in ensemble 
measurements cannot. 
SNARE proteins are involved in membrane fusion during exocytosis and vesicular 
trafficking (9-11). Recent studies provided evidences that SNARE-mediated fusion transits 
through hemifusion (12-15) (however, see also ref. 16), similar to the fusion pathway proposed 
for type I (17,18) and II viruses (19,20) and for lipidic membrane fusion (1, 21). Hemifusion is a 
metastable membrane structure in which the outer leaflets are merged but the inner leaflets remain 
intact (22). It has been shown that the rate of inner leaflet mixing is slower than that of outer 
leaflet mixing in a SNARE-reconstituted fusion reaction (15). The lipid mixing was also shown to 
occur earlier than aqueous content mixing in fusion between native vacuoles (14). These results 
are in favor of the mechanism through hemifusion (22). However, an alternative mechanistic 
model in which hemifusion is designated as an off-pathway state that can be reversed via 
liposomes detachment can explain the results equally well (15). This issue of hemifusion along 
with many other compelling questions surrounding the topic of SNARE-induced membrane 
fusion may be clearly addressed by observing a fusion event at the level of single liposomes. We 
have established a fluorescence-based single liposome fusion assay which enables us to monitor 
lipid mixing between two proteoliposomes in real-time. Previous approaches have been focused 
on fusion of single liposomes with larger-scale membranes such as supported (1-4) or plasma 
membranes (5). The fluorophores contained in single liposomes then inevitably diffuse away 
subsequent to fusion. In contrast, the fusing objects in our assay, two proteoliposomes, constitute 
a small closed system. The number of fluorophores therefore is preserved throughout the fusion 
process such that each fusion intermediate with a certain degree of lipid mixing corresponds to a 
discrete FRET value. The dwell time in each intermediate can also be precisely determined for the 
first time. As a result, the complete lipid-mixing dynamics of SNARE-mediated fusion, that is, 
from docking to full fusion, has been monitored and dissected in unprecedented details.
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RESULTS AND DISCUSSION 
 
Single-Liposome FRET Assay for SNARE-Induced Membrane Fusion.  
Liposome fusion mediated by recombinant SNAREs, Sso1pHT, Sec9c, and Snc2pF, which 
are involved in trafficking from Golgi to the plasma membrane in yeast was imaged using total 
internal reflection (TIR) FRET microscopy (Fig. 1a) (23-25).  Sso1pHT (the yeast counterpart of 
neuronal t-SNARE syntaxin) was reconstituted into unilamellar liposomes (POPC:DOPS 
(mol/mol) = 65:35) that contain the membrane-intercalating fluorescent donor DiI (2 mol%).  
Another t-SNARE Sec9c (neuronal SNAP-25 analogue) was prepared as a soluble protein and 
added to the Sso1pHT-proteoliposomes to form t-SNARE liposomes. The v-SNARE Snc2pF 
(neuronal synaptobrevin analogue) was reconstituted into a separate population of unilamellar 
liposomes that contain the membrane fluorescence acceptor DiD (2 mol%) and biotinylated lipids 
(0.1 mol%).  Lipid to protein ratio was kept at 100:1 and proteoliposome diameter was 94 (± 23) 
nm as determined by electron microscopy (Fig. 1b). 
The v-SNARE liposomes were attached to a quartz surface coated with poly-ethylene glycol 
(PEG) (23) which eliminates non-specific surface adhesion of liposomes. Immobilization was 
achieved via biotinylated lipids on the liposome and PEG-bound neutravidins (Fig. 1a). Then, the 
t-SNARE liposomes were flowed in at 100 pM concentration at 37 (±2) °C while donor and 
acceptor fluorescence was being recorded from single liposomes with 100 ms or 900 ms time 
resolution. The very low concentration of t-SNARE liposomes minimizes interaction of multiple 
t-SNARE liposomes with a single v-SNARE liposome. Since the direct excitation of the acceptor 
fluorophores in the v-SNARE liposomes (with 532 nm laser wavelength used) was negligible, we 
did not see appreciable fluorescence signal until a t-SNARE liposome docked to a v-SNARE 
liposome. Lipid mixing between the two liposomes due to fusion would lead to an increase in 
FRET efficiency, E, defined as IA/(ID+IA) where ID and IA are the donor and the acceptor 
fluorescence intensities respectively (23-25). We assume that there is only a single productive 
fusion site per a pair of liposomes.  This is reasonable considering the small size of the 
liposomes. 
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Calibration of FRET efficiency.  
Sec9 is known to be required for yeast SNARE-mediated membrane fusion (26). The 
conventional ensemble fusion assay of our t- and v-SNARE liposomes also clearly shows that 
Sec9c is essential for inducing membrane fusion in solution (Fig. S1). We tested if the same is true 
here for our single-liposome fusion assay. In the absence of Sec9c, we observed a final E 
distribution centered at ~0.08 and all lower than 0.25 (Fig. 1c, obtained after 30 min of reaction). 
The finite but low E values suggest close contact or docking between the donor and acceptor 
liposomes without a high degree of lipid mixing between the liposomes (state D in Fig. 2k, see 
Fig. S2 for individual fluorescence time traces). In contrast, inclusion of Sec9c in the reaction 
(Sec9c:Sso1pHT (mol/mol) = 2:1) led to a major population at E = 0.65 in the final E distribution 
(Fig. 1d, obtained after 30 min of reaction), indicating significant lipid mixing. The relatively 
broad E distribution can be attributed to size variation of liposomes and measurement noise. 
When the v-and t-SNARE liposomes were allowed to fuse in bulk solution (see Materials and 
Methods) and later adhered on the surface, the E distribution  was very similar to that of fusion 
induced on the surface except for a small shift in the peak to E ~ 0.75 (Fig. 1e).  In addition, 
protein-free liposomes with 1 % mol of DiI and DiD, which would approximate the completely 
mixed liposomes, gave a peak at a similar E value (~0.8) (Fig. S3). Therefore, our single liposome 
assay faithfully recapitulates the main features of SNARE-mediated fusion in solution including 
the requirement of Sec9c, and we assign the E ~ 0.65 as an indicative of full fusion where both 
inner and outer leaflets have been mixed (state F in Fig. 2k). The slight lower E values for fusion 
reactions on the surface may possibly be due to the acceptor fluorophores that are confined at the 
immobilization site crowed with neutravidin molecules (27). 
If a lower Sec9c concentration was used (Sec9c:Sso1pHT = 1:1), the final E distribution 
showed a major peak at E = 0.35 instead (Fig. 1f) indicating that SNARE-induced fusion can 
produce final states different from full fusion. Since bulk solution studies detected primarily 
hemifusion when low protein concentration was used (12,18), we tentatively assign E = 0.35 to 
hemifusion and set a threshold at E = 0.5 for deciding whether full fusion has occurred or not. Our 
assignment is also supported by observing fusion between PE-containing vesicles. A PE lipid 
molecule has a small head group compared to its hydrocarbon chains, thus creating a spontaneous 
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curvature that helps the formation of the hemifusion state but suppresses the following steps 
including opening of fusion pores (28). With 30 mol% PE composition, resultant final E 
distribution after 30 minutes of reaction showed significantly enhanced population between 0.25 
and 0.44 at the expense of populations with E > 0.5 which is greatly diminished (Fig. S4) 
suggesting again that the hemifusion state has E around 0.35. 
 
Observing Single-Liposome Fusion Dynamics in Real-Time. 
Single-liposome fusion time traces shown in Fig. 2a-f demonstrate key advantages of our 
assay; docking can be clearly distinguished from subsequent fusion and reaction intermediates can 
be seen directly. Docking of a t-SNARE liposome to a surface-tethered v-SNARE liposome is 
observed as an abrupt increase of the donor fluorescence intensity ID, and the FRET efficiency 
monotonically increases with increasing lipid mixing (observed as an increase in IA accompanied 
by a concomitant decrease in ID) (Fig. 2j and see Supplementary Video). Additional docking by 
another t-SNARE liposome can be ruled out as such an event would display a further sharp 
increase in ID which was not observed at the low liposome concentration used (100 pM). The 
average time between addition of t-SNARE liposomes to the sample and individual docking was 
240 seconds (Fig. S5), far slower than the subsequent fusion steps (see Fig. 3 below). It is likely 
that the ensemble fusion kinetic curve (Fig. S1) primarily reflects the kinetics of docking. 
Therefore, detailed fusion reaction intermediates would have been very difficult to detect without 
the post-synchronization (29) afforded by our single-liposome fusion assay. 
Out of total 314 fusion time traces obtained with both 2:1 and 1:1 ratios of Sec9c:Sso1pHT, 
160 traces were classified as the full fusion traces (final E > 0.5). Three broad classes of the full 
fusion traces were identified: {α} direct full fusion without discernible intermediate FRET states 
above E = 0.25 (33%, n = 53, Fig. 2a), {β} full fusion with one or more discrete intermediate 
plateaus (or steps) with E > 0.25 (54%, n = 87, Fig. 2b-f and see Fig. S6 for more traces), and {γ} 
full fusion with intermediate FRET values above E = 0.25 but without discernible plateaus (13%, 
n = 20, see Fig. S7 for fusion time traces).  We did not assign FRET values below 0.25 (marked 
with the grey boxes in Fig. 2a-f) to fusion intermediates because these values were observed even 
in the absence of Sec9c and therefore could not be unambiguously distinguished from close 
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docking of liposomes. The majority class β can be further divided according to the number of 
discrete intermediate steps above E = 0.25: {β1} one intermediate step (n = 28, Fig. 2b and c), 
{β2} two intermediate steps (n = 47, Fig. 2d and e), and {β3} three intermediate steps (n = 12, Fig. 
2f). Thus, our single-liposome assay can identify multiple intermediate steps toward full fusion, 
providing an unprecedented opportunity to dissect the pathways and kinetics of SNARE-induced 
fusion. 
The FRET histogram of the first intermediate step for all subclasses β1, β2, and β3 is 
narrowly peaked at E = 0.33 (standard deviation, σ = 0.06) (Fig. 2g), regardless of the 
Sec9c:Sso1pHT ratio (Fig. 2h and i). Thus, E = 0.33 state can be considered an obligatory 
intermediate for the majority of full fusion events (that is, in the class β). Furthermore, we 
observed a major population at E = 0.35 at a low Sec9c concentration (Fig. 1f) or with 
PE-containing vesicles (Fig S4) which was known to favour hemifusion as the final product. 
Based on these observations, it is highly likely that the first intermediate step at E = 0.33 
represents the hemifusion intermediate (state H in Fig. 2k). This marks the first direct evidence 
that the hemifusion state is the de facto on-pathway intermediate in SNARE-induced fusion 
instead of being a dead-end product. 
Next we discuss the observation of additional intermediates beyond hemifusion, an 
unexpected finding which would have been hidden in ensemble fusion experiments. Previous 
studies suggest that hemifusion could be followed by fusion pore formation and that the pore may 
close prematurely before inner leaflet lipid mixing is completed (30,31). Our data is consistent 
with such model of fusion pore flickering provided that the pore closing occurs on a similar time 
scale to that of complete lipid mixing through an open pore which would be on the order of 1 ms 
for unrestricted diffusion of lipids over the liposome surface. Then, the subclass β1 would reflect 
a single fusion pore formation event leading to complete fusion within our time resolution. 
Likewise, β2 would be caused by a premature closing of the pore after partial lipid mixing (state 
F’ in Fig. 2k) which then requires an additional pore opening for complete mixing, and β3 with 
two premature closings (state F’ and F’’ in Fig. 2k) and so on. It is plausible that fusion events 
with more pore flickering (β4, β5, …) could not be detected because of the limited signal to noise 
ratio and time resolution, and such cases may be responsible for the class γ fusion trajectories 
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which do not show discernible steps (Fig. 2k). These effects we attributed to fusion pore flickering 
could in principle be due to a brand new assembly of fusion complexes instead of being mediated 
by those that formed during hemifusion. This possibility, however, is less likely because of a small 
area of contact between the two small liposomes. 
 
Dwell Time Analysis of Single-Liposome Fusion.  
In order to gain further insight into the underlying mechanism of these additional 
intermediates, we carried out the dwell time analysis of the docked state, and the first (state H) 
and the second (state F’) intermediate steps. Cumulative dwell time plots show that both the first 
and second intermediate steps have longer dwell times (t1, t2) than the docked state (Fig. 3a-c). 
According to the fusion pore flickering model discussed above, both dwell times in the first and 
the second intermediate steps would be the latent times for opening a fusion pore. Then, it would 
imply that fusion pore formation after hemifusion faces a larger energetic barrier than hemifusion 
itself (32,33). In fact, typically less than 20% of the total time required for full fusion is spent 
between docking and hemifusion (Fig. S8), probably suggesting that fusion pore opening is the 
most time-consuming step. 
Figure 3a-c also show that the dwell time distributions are not simple exponentials. At least 
double exponential decay functions were needed to fit the data adequately, indicating a 
heterogeneous population. Because of the limited observation time (100 ms to hundreds of sec), 
extremely fast or slow lipid mixing dynamics could not be monitored and the heterogeneity in 
reaction kinetics may even be more extensive than implied by the double exponential fits. We do 
not yet understand the origin of the heterogeneity but one possibility is the variation in the number 
of active SNARE proteins per liposome. The class α which shows full fusion without the 
hemifusion intermediate may indeed contain more active SNARE proteins than average so that 
the fusion pore opening from the hemifusion state is extremely rapid. However, we can not 
technically rule out the possibility that up to one third of the full fusion events may proceed 
through a separate pathway that does not involve hemifusion. Observing the single fusion events 
with a better temporal resolution may be able to reveal whether all SNARE-induced fusion events 
proceed through hemifusion. 
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Partially Restricted Hemifusion and Kiss-And-Run-Like Events.  
Time traces of single-liposome fusion also reveal additional novel features. For example, in a 
small number of traces, a gradual FRET increase precedes the hemifusion plateau (between the 
arrows in Fig. 2b, see Fig. S9 for more fusion traces). That is, hemifusion may not be achieved in 
a single step for some cases. We suggest three possibilities. The first is the existence of ‘partially 
restricted’ hemifusion state (18) in SNARE-mediated fusion, where lipid mixing is suppressed by 
a ring-like arrangement of SNARE complexes, which lines the junction of the t- and v-SNARE 
liposomes. The second is fast flickering during the formation of the hemifusion state as suggested 
in a previous ensemble study (15). This may be responsible for some docked states with the FRET 
value as large as ~0.2. The third possibility is a disorganized lipid mixing process due to a random 
arrangement of SNARE complexes. 
We have also observed kiss-and-run-like events (30,31) in which total fluorescence signal 
abruptly decreases after full or nearly full fusion, presumably due to the detachment of what 
remains of the t-SNARE liposome from the v-SNARE liposome (n = 4, Fig. 4a-d). No such 
decrease in total fluorescence was observed in the hemifusion or docked states. There is no 
accompanying FRET change upon such kiss-and-run type of detachment suggesting that both 
liposomes have the same degree of lipid mixing upon completion of fusion. 
 
CONCLUSIONS 
Our approach described here provides a general avenue for observing single-liposome fusion 
events in proteoliposome systems (9,12,15,34-36). Modification of the more conventional 
bulk-phase assays was kept minimal; one type of proteoliposome was attached to a non-sticky 
surface via specific interaction. Comprehensive controls and calibrations demonstrated that in 
vitro fusion activity in bulk solution is preserved in single-liposome fusion on surface. Real-time 
monitoring of SNARE-mediated, single-liposome fusion has revealed several key features: 
existence of hemifusion and additional intermediates on the pathway to full fusion and kinetic 
information on individual intermediate states. Furthermore, our assay might enable the dissection 
of the different fates of liposomes after fusion, for example, kiss-and-run type detachment. We 
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should, however, emphasize that our work is based on yeast SNAREs and with a relatively high 
protein-to-lipid ratio (1:100) and therefore does not yet address the question of whether the 
SNARE complex is the minimal machinery for fusion (34,35). We anticipate that our current 
demonstration will be a starting point for addressing many important issues of SNARE-mediated 
membrane fusion. One immediate extension would be the adoption of our assay for the neuronal 
SNARE-complexin-synaptotagmin system (36-39) which may reveal a detailed picture of the 
Ca2+-triggering mechanism in neuronal synapses. 
 
MATERIALS AND METHODS 
 
SNARE Proteins Expression and Purification.  
Recombinant SNARE proteins of yeast (26), Sso1pHT, Sec9c, and Snc2pF, were expressed 
and purified. DNA sequences encoding Sso1pHT (amino acids 185−290) and Snc2pF (amino 
acids 1−115) are inserted into the pGEX-KG vector between EcoRI and HindIII sites as 
N-terminal glutathione S-transferase (GST) fusion proteins. Sec9c (amino acids 401−651) is 
inserted into pET-24b(+) between NdeI and XhoI sites as a C-terminal His6-tagged protein. 
Recombinant GST fusion proteins were expressed in E. coli Rosetta (DE3) pLysS (Novagene). 
The cells were grown at 37 °C in LB medium with glucose (2 g/l), ampicillin (100 μg/ml), and 
chloramphenicol (25 μg/ml) until the A600 reached 0.6−0.8. Isopropyl-β-D-thiogalactopyranoside 
(IPTG) was added to a final concentration of 0.5 mM. The cells were grown further for four more 
hours at 18 °C. The cell pellets were collected by centrifuge at 6000 r.p.m. for 10 min then 
resuspended in resuspension buffer (phosphate-buffered saline, pH 7.4, with 0.5% Triton X-100 
(v/v), PBST) with 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF). 1% of n-lauroyl 
sarcosine was added to the lysate after breaking the cells by sonication on ice bath. The 
supernatant was mixed with glutathione-agarose beads at 4 °C for 2 hrs after centrifuging the cell 
lysate at 15,000 g for 20 min at 4 °C. The protein-bound beads were washed with an excess 
volume of washing buffer (phosphate-buffered saline with 0.2% Triton-X100, pH 7.4), then 
washed with thrombin cleavage buffer (50 mM Tris−HCl, 150 mM NaCl, 0.8% OG, pH 8.0). 
Finally, the proteins were cleaved from the resin by thrombin (Sigma) at room temperature for 40 
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min. After elution, AEBSF (2 mM final concentration) was added to stop the cleavage reaction. 
The His6-tagged protein Sec9c was expressed in E. coli Rosetta (DE3) pLysS. The cells were 
grown at 37 °C in LB medium with glucose (2 g/l), kanamycin (30 μg/ml), and chloramphenicol 
(25 μg/ml) until the A600 reached 0.6−0.8. After the addition of IPTG (0.5 mM), the cells were 
grown further for four more hours at 30 °C. The cell pellets were collected by centrifugation at 
6000 r.p.m. for 10 min and then resuspended in lysis buffer (PBS buffer with 20 mM imidazole, 
0.5 % Triton X-100, 2 mM AEBSF, pH 8.0). After sonication on ice, the cell lysate was 
centrifuged at 15,000 g for 20 min at 4 °C. The supernatant was mixed with nickel-nitrilotriacetic 
acid-agarose beads (Qiagen) in lysis buffer. The mixture was nutated for binding at 4 °C for 1.5 
hours. After binding, the beads were washed with washing buffer (PBS buffer with 50 mM 
imidazole, pH 8.0). Then the protein was eluted by elution buffer (PBS buffer with 250 mM 
imidazole, pH 8.0). All purified proteins were examined with 15% SDS−PAGE. 
 
Reconstitution of SNARE Proteins in Liposomes.  
Unilamellar liposomes containing 65:35 (mol/mol) 
1-Plamitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine 
(POPC):1,2-Dioleoyl-sn-Glycero-3-[Phospho-L-Serine] (DOPS) (all purchased from Avanti Polar 
Lipids, Birmingham, Alabama) labelled with 2 mol% DiI (Molecular Probes, Invitrogen) were 
formed using the extrusion method (Mini-Extruder, Avanti Polar Lipids). Sso1pHT was then 
reconstituted in the liposomes through dialysis (see below). Snc2pF was reconstituted in the same 
way except that unilamellar liposomes were doped with 2 mol% DiD (Molecular Probes) and 0.1 
mol% biotinylated lipids, 1,2-Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine-N-(Biotinyl) 
(Avanti Polar Lipids). The fluorescence spectra of DiI and DiD show high similarity to those of 
Cy3 and Cy5 that are widely used for the single-molecule FRET studies (23-25). For membrane 
reconstitution, proteins were mixed with liposomes at 1:100 protein-to-lipid molar ratio with 
around 0.8% OG in buffer at room temperature for 20 minutes. Then the mixture was diluted two 
times with dialysis buffer (25 mM Hepes, 100 mM KCl, 3% (w/v) glycerol, pH 7.4), following 
dialysis against 2 liters dialysis buffer at 4°C overnight. After dialysis, the liposome was treated 
with SM-2 beads and centrifuged at 10,000 g for 5 minutes to remove protein and lipid 
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aggregates.  
 
Single-Liposome Fusion Fluorescence Spectroscopy.  
A quartz slide was coated with 99:1 (mol/mol) PEG:biotin-PEG (Nektar, Huntsville, 
Alabama) to eliminate non-specific binding of liposomes. The quartz slide was then placed at the 
bottom of a flow chamber and coated with neutravidin. The Snc2pF-reconstituted liposomes were 
immobilized on the slide through incubation at 160 pM [liposome] for 15 minutes via specific 
biotin-neutravidin binding. The Sso1pHT proteoliposomes were mixed with preset amounts of 
Sec9c that gives Sec9c:Sso1pHT (mol/mol) = 1:1 or 2:1, diluted to a final liposome concentration 
of 100 pM (corresponding to one proteoliposome in 10 μm3 volume), and injected into the flow 
chamber to induce fusion on the surface. In the case of fusion in bulk solution, we mixed the 
Snc2pF- and the Sso1pHT-reconstituted liposomes; 1:1 (mol/mol) and both at 100 pM, with the 
required amount of Sec9c. The low concentration of the v- and the t-SNARE liposomes minimize 
multiple rounds of fusion within the reaction time of 30 minutes. All measurements were made at 
37 (± 2) °C in a buffer (25 mM Hepes, pH 7.4, and 100 mM KCl). 
Single fusion events were monitored in a wide-field total-internal-reflection fluorescence 
microscope using an electron multiplying charge-coupled device camera. Details of the wide-field 
total-internal-reflection fluorescence microscope have been reported (23). Briefly, an area of 
approximately 50 μm × 100 μm was imaged using an inverted microscope (IX70, Olympus) that 
was excited by a frequency-doubled Nd:YAG laser (532 nm, Crystalaser). The excitation beam 
was focused into a small pellin broca prism (CVI laser) which was placed on top of a quartz slide 
with a thin layer of immersion oil in between to match the index of refraction. By changing the 
incident angle of the excitation beam, the total internal reflection at the interface between the 
quartz slide and aqueous imaging buffer was achieved. Fluorescence signal was collected with a 
high NA water immersion objective (UPLAPO60XW, Olympus), and the scattered laser light was 
rejected by a 550 nm long-pass interference filter (E550LP, Chroma Technology). A dichroic 
mirror with a reflection range of 550-630 nm (645DCXR, Chroma Technology) separated the 
collected fluorescence signal into two beams having different wavelengths, that is, the donor 
(550-630 nm) and the acceptor (645 nm and above) channels. These two beams were focused on 
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the electron-multiplying charge-coupled device camera (iXon DV 887-BI, Andor Technology). 
Fluorescence signal was recorded in real time by a Visual C++ software (Microsoft) (the program 
written by Sean A. McKinney) with time resolution of 100 or 900 ms. Each single fusion event 
was visually identified and analyzed using programs written in IDL (Research systems, the 
programs are available upon request). 
One example of such identified single fusion events is shown in Supplementary Video. A 
program written in MATLAB (Mathworks, the program is available upon request) generated the 
time trajectories of the donor and the acceptor fluorescence intensities and calculated the 
corresponding FRET efficiency (see the lower panels in the video) using the equation, IA/(ID+IA) 
where ID and IA are the donor and the acceptor fluorescence intensities respectively. The average 
donor and acceptor fluorescence intensities measured before docking were considered as the 
background fluorescence for each fusion event and subtracted uniformly from the fluorescence 
signals. The leakage of donor fluorescence into the acceptor channel (about 17.5 % of the total 
intensity) was then taken into account. Intermediate states of the fusion event, appearing as 
plateaus in FRET efficiency changes, were visually identified, and the corresponding FRET 
efficiencies and the dwell times were calculated using the program written in MATLAB. 
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Figure 1．Single-liposome fluorescence assay of SNARE-mediated membrane fusion. 
a, Schematics of the assay. The v-SNARE liposomes containing membrane fluorescent acceptors 
are tethered on a PEG-coated quartz slide, and Sso1pHT-reconstituted liposomes doped with 
membrane fluorescent donors are introduced together with Sec9c to induce fusion. The mixing of 
donor and acceptor dyes due to fusion between the cognate liposomes leads to increase in E, 
which is being monitored via the wide-field TIR microscopy. b, Negative staining electron 
micrograph of the Sso1pHT-reconstituted liposomes (JEOL 1200 EX, JEOL). The scale bar is 100 
nm. c-f, Final E distribution of the products of SNARE-driven single-liposome fusion (after 30 
min of reaction) in the absence of Sec9c (c) and at the Sec9c:Sso1pHT ratio of 2:1 (d,e) and 1:1 
(f). The fusion reactions of c, d, and f were induced on surface (as illustrated in a) while in e, 
fusion was induced in bulk solution and the products were subsequently immobilized on the 
quartz surface for observation. After 30 min of reaction, we note that the fraction of the 
population that remains at the docked state is not a constant. 
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Figure 2. Multiple intermediate states of SNARE-induced fusion. 
a-f, Single-liposome fusion time traces; full fusion events with no intermediates (classified as α 
class, a), one intermediate state (β1 class, b,c), two intermediate states (β2 class, d,e), and three 
intermediate states (β3 class, f). The upper panels show the fluorescence intensity time traces of 
the donor (ID, green) and the acceptor (IA, red) channels, and the lower panels show the 
corresponding FRET efficiency (blue) where the intermediate states are marked with black bars. 
In b, docking of a t-SNARE liposome is followed by a gradual FRET increase (between the two 
arrows) which culminates with the first intermediate state. g-i, FRET histogram of the first 
intermediate state for the subclasses β1, β2, and β3 (g). The narrow distribution is not disturbed 
when traces obtained at the different Sec9c:Sso1pHT ratios of 2:1 (h) and 1:1 (i) are separately 
considered. The histograms are fitted with the Gaussian distributions, and the center (Ec) and the 
standard deviation (σ) of the Gaussians are shown. j, Schematic illustration of a typical 
single-liposome fusion time trace. k, Pathway of SNARE-driven membrane fusion. For the class 
β, docking of a t-SNARE liposome and close contacting between two liposomes (state D) are 
followed by an obligatory intermediate state, the hemifusion state (state H). Number of premature 
closing of the fusion pore (F’, F’’, and so on) between the hemifusion state and the full fusion 
state (state F) then determines the subclass such as β1, β2 and β3. The class α evolves from D to 
F state without discernible intermediate states. In contrast, the FRET increase of the class γ is too 
gradual for intermediates to be identified, which could be due to many pore flickering 
phenomena. 
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Figure 3. Kinetic analysis of single-liposome fusion time traces.  
In this analysis, only the class β (β2 and β3 in the case of the 2nd intermediate) obtained at the 
Sec9c:Sso1pHT ratio of 2:1 was used. a-c, Cumulative dwell time histograms of docked (a), 1st 
intermediate (b), and 2nd intermediate states (c). The docked state is defined as an intermediate 
plateau with the largest E below 0.25. With the first order kinetics assumed, the dwell time 
histograms are fitted using two exponentials,  (red curve) 
and the dwell times (t
)exp1()exp1( 21 /2
/
1
tttt AA −− −+−
1, t2) and the corresponding number of traces (A1, A2) are shown in the insets. 
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Figure 4. Kiss-and-run-like fusion events. 
a-d, Shortly after the fusion-pore opening which leads to complete lipid mixing, both the donor 
and acceptor fluorescence signals decrease without appreciable changes in the FRET efficiency, 
which is consistent with the detachment of what remains of the t-SNARE liposome. The upper 
panels show the changes in the donor (green) and the acceptor (red) fluorescence intensities, and 
the lower panels show the corresponding changes in the FRET efficiency (blue). 
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SUPPORTING INFORMATION 
 
Fig. S1. Ensemble kinetic study of fusion between t- and v-SNARE liposomes 
For the ensemble fusion assay, the v-SNARE liposomes were mixed with the Sso1pHT 
proteoliposomes at the ratio of 1:1 (mol/mol), giving a mixture (total volume of 100 μl) at the 
liposome concentration of 20 nM. The donor (green symbols) and the acceptor (red symbols) 
fluorescence intensities show minimal changes initially until addition of Sec9c to the mixture at 
Time = 0 s. Pronounced anticorrelated changes then occur in the donor and the acceptor signals 
indicating a FRET increase. This result clearly illustrates that Sec9c is essential for membrane 
fusion between the t- and v-SNARE liposomes in our assay, thus confirming again the 
requirement of Sec9 for yeast SNARE-mediated membrane fusion. Fluorescence intensities of the 
donor (DiI) and the acceptor (DiD) were monitored (Cary Eclipse, Varian) with the 
excitation/emission wavelengths pairs of 530/570 nm and 530/700 nm, respectively. 
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Fig. S2. Fluorescence time traces of single-liposome dynamics in the absence of Sec9c 
In the absence of Sec9c, docking between the t- and the v-SNARE liposomes rarely evolves to 
fusion stages with E > 0.25. It is likely that even the docking (and the close contact) becomes 
unstable because the t-SNARE liposome is readily detached from the v-SNARE liposome in 
many cases. The upper panels show the time traces of the donor (green trace) and the acceptor 
(red trace) fluorescence intensities, and the lower panels show the corresponding changes in the 
FRET efficiency (blue trace). 
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Fig. S3. FRET distribution of liposomes labeled with 1 mol% DiI and 1 mol% DiD 
Liposomes containing equal 1 mol% of DiI and DiD should represent the state of complete lipid 
mixing. The FRET distribution of such liposomes shows a narrow peak at E ~ 0.8 (a), which is 
not shifted by the existence of SNARE proteins (data not shown). The lipid composition was kept 
the same as those for the t- and v-SNARE liposomes except the labelling concentration of DiI and 
DiD. Comparing this peak with that of the bulk fusion products (Fig. 1e, reproduced in b) shows 
that the two peaks are closely placed with the difference of only ~0.05, suggesting that the final 
product of bulk fusion has a state close to complete lipid mixing. 
The principal difference of fusion on surface from that in bulk solution is one type of 
proteoliposomes (v-SNARE liposome) is attached on surface before fusion events are induced. 
The small shift of the peak to E ~ 0.65 in the case of surface fusion (Fig. 1d, also see Fig. S4) 
might then be the consequence of the immobilization process. One possibility is a small portion of 
acceptor dyes are confined at the immobilization site where biotinylated lipids and neutravidins 
are crowded, thereby becoming not available for lipid mixing. 
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Fig. S4. Single-liposome FRET distribution of fusion products for PE-containing liposomes 
The effect of PE lipids on the dynamics of SNARE-mediated fusion was studied to test our 
assignment of the FRET plateau at E = 0.35 to the hemifusion state. Fusion was induced either in 
bulk solution (a) or on surface (b), and to exclude the possibility that the suppression arises from 
the reduced number of Sec9c (as in Fig. 1f), an excess amount of Sec9c, Sec9c:Sso1pHT 
(mol/mol) = 100:1, was used for each case. The final E distributions obtained with the normal 
lipid composition (POPC:DOPS (mol/mol) = 65:35) and with 30 mol % PE lipids 
(1-Palmitoyl-2-Oleoyl-sn-Glycero-Phosphoethanolanmine (POPE):POPC:DOPS (mol/mol/mol) = 
30:33:35) are shown as the red and the blue distributions, respectively. For the PE case, the 
concentrations of DiI, DiD, and biotinylated lipids were kept the same as before. In order to make 
the comparison clearer, we normalized the histograms by the total number of liposomes per 
experiment and combined the FRET histograms with and without PE. 
Small headgroup of PE lipids is known to create a spontaneous curvature that facilitates formation 
of the hemifusion state but suppresses merging of the inner leaflets. With 30 mol% PE lipids in 
the lipid composition, the final E distribution after 30 minutes of reaction showed significantly 
enhanced population between 0.25 and 0.44 at the expense of population with E > 0.5 which is 
greatly diminished. More specifically, the FRET populations above 0.5 drop from 36 % to 14 % 
for reactions in bulk (a) and from 38 % to 10 % for reactions on surface (b). These value are 
statistically significant because the total of 4501 (blue, a), 8534 (red, a), 3203 (blue, b) and 4575 
(red, b) liposomes were included in these analyses. We also note that the FRET range enhanced by 
the presence of PE, 0.25 < E < 0.44, exactly corresponds to the non-PE intermediate state we 
assigned to the hemifusion state (Fig. 2g-i). These results together support our suggestion that the 
hemifusion state shows a discrete E value around 0.35 and further increases in E mainly arise 
from the lipid mixing between the inner leaflets that involves fusion pore opening. 
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Fig. S5. Cumulative plot of the time between addition of t-SNARE liposomes and docking to 
a v-SNARE liposome 
Our assay enables the measurement of the time between addition of t-SNARE liposomes and 
docking event for each fusion process. Only the β class obtained at the Sec9c:Sso1pHT ratio of 
2:1 was included in the analysis. With the first order kinetics assumed, we test two exponentials, 
 (red curve) to fit the histogram and find that the cumulative 
plot clearly exhibits one characteristic time of ~242 sec. We note that this value is much larger 
than the dwell times in individual intermediate states (Fig. 3). 
)exp1()exp1( 21 /2
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Fig. S6. Single-liposome fusion time traces of the class β 
Single-liposome fusion time traces of the subclasses β1, β2, and β3. The upper panels show the 
changes in the donor (green) and the acceptor (red) fluorescence intensities, and the lower panels 
show the corresponding changes in the FRET efficiency (blue). The intermediate states are 
marked with black bars. Out of 87 full fusion traces belonging to the β class, 58 traces were 
obtained with Sec9c:Sso1pHT (mol:mol) = 2:1 while 29 traces obtained with Sec9c:Sso1pHT = 
1:1. The intermediate states cannot be due to successive fusion of aggregated t-SNARE liposomes 
because in our assay, successive fusion of t-SNARE liposomes would increase the intermolecular 
distance between the donor and the nearest acceptor thereby only decreasing the FRET efficiency. 
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Fig. S7. Single-liposome fusion time traces of the class γ 
The full fusion traces of the class γ do not show discernible intermediate states, plateaus in the 
FRET efficiency changes in E > 0.25. The upper panels show the changes in the donor (green) and 
the acceptor (red) fluorescence intensities, and the lower panels show the corresponding changes 
in the FRET efficiency (blue).
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Fig. S8. Ratio of the dwell times in intermediates to the total duration of fusion 
Our assay enables us to measure how much portion each intermediate state occupies in the total 
duration of fusion in a single fusion event. The total duration of fusion of each single fusion event 
is defined as the time between docking and completion of lipid mixing (the moment of reaching 
the final E value). The histograms clearly show that the docked state typically occupies less than 
20 % of the total fusion duration (a). In contrast, there is a high probability that the 1st and the 
2nd intermediate states occupy 20-40 % of the total fusion duration (b,c). According to the fusion 
pore flickering model, this would suggest that fusion pore opening is the most time-consuming 
step of SNARE-mediated fusion. In this analysis, only the class β (β2 and β3 in the case of the 
2nd intermediate) obtained at the Sec9c:Sso1pHT ratio of 2:1 was used. 
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Fig. S9. Evidence for partially restricted hemifusion 
Single-liposome fusion time traces showing gradual changes between the docked and the 
hemifusion state (between the orange arrows in each trace). The upper panels show the changes in 
the donor (green) and the acceptor (red) fluorescence intensities, and the lower panels show the 
corresponding changes in the FRET efficiency (blue). 
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CHAPTER 6: GENERAL SUMMARY AND FUTURE DIRECTION 
 
SUMMARY  
In this dissertation we provide the structural view for the neuronal binary SNARE complex 
from EPR distance measurement, which is supposed to serve as the intermediate for the assembly 
of the trans SNARE complex. Our data show that binary complex is composed of two copies of 
syntaxin and one copy of SNAP25, in agreement with 2:1 model. These three components 
intertwine into the parallel four-stranded helix bundle, almost structurally identical to the core 
complex. A recent paper [1] suggested that this 2:1complex could slow down the core complex 
assembly since one syntaxin occupies the VAMP binding position, whereas 1:1 binary complex 
could efficiently associate with the VAMP. Thus, the competition between these two intermediates 
may play the regulatory role in the neuronal transmitter release. 
The membrane topology of yeast v-SNARE Snc2p was revealed by EPR accessibility 
measurement. Base on the immersion depth data we remodeled its transmembrane domain as the 
α-helix with tilting angle about 24° to the membrane norm. On several positions there is the 
tertiary interaction between the neighboring transmembrane domains, which might be due to the 
clustering of Snc2p on the membrane. 
We also discussed the hemifusion as the intermediate in the fusion pathway. By revising the 
traditional fusion assay we were able to dissect the inner leaflet lipid mixing from the total lipid 
mixing, which makes the hemifusion detectable. By cutting half of the transmembrane domain of 
yeast v-SNARE we found the fusion could be arrested in the hemifusion stage. In addition, 
lowering SNAREs surface density and introducing PE to the liposome as the curvature factor 
dramatically increase the percentage of hemifusion state. The similar result was verified in the 
fusion induced by neuronal SNAREs, which also showed that the hemifusion percentage could be 
enhanced by the reduction of the SNAREs surface density. This discovery of hemifusion soon was 
echoed by a series of papers from other groups, suggesting that hemifusion might serve as the 
general intermediate in the membrane fusion. 
Another approach to dissect fusion pathway by single fusion assay offered the amazing 
insights toward understanding the lipid mixing during the fusion. The whole fusion process could 
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be clearly classified into different phases such as the docking, hemifusion and full fusion states. 
The hemifusion state was undoubtedly shown to be the in-pathway intermediates by recording the 
real-time fusion traces. More importantly, the post-hemifusion intermediates were investigated, 
which is likely to reflect restricted lipid flow between the distal leaflets during the pore-flickering. 
In addition, it also showed that possibility of the kiss-run event which means the fusing liposome 
pair separates after partial lipid exchange. 
 
FUTURE DIRECTION   
The results discussed in this course of study pave the ways towards various directions. The 
transmembrane domain of SNAREs has been shown to be essential to the membrane fusion, 
although its mechanical role in the hemifusion scenario is still not clear. It’s likely that the 
oligomerization of transmembrane domains of t-SNARE could be important for clustering 
SNAREs complex around the onset of membrane fusion. Furthermore, the interaction of 
transmembrane domains between v- and t- SNAREs [2] might be able to regulate the pore 
opening during the transit from hemifusion to full fusion, Thus, the more sophisticate 
investigation of these interactions should be expected to reconcile the function of SNAREs into 
the hemifusion model. 
The new generation single fusion assay offers unprecedented information to characterize the 
fusion pathway, which makes it an ideal platform to allow the further research characterize how 
the various regulatory factors, such as synaptotagmin, complexin and curvature effect lipid could 
affect the fusion intermediates. These further investigations will be expected to deep the 
understanding of the fusion mechanism. 
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